








Second Series December 1, 1929 Vol. 34, No. 11 


THE 


PHYSICAL REVIEW 





HYPERFINE STRUCTURE IN SINGLY 
IONIZED PRASEODYMIUM 


By H. E. Wuite* 
PHYSIKALISCH TECHNISCHE REICHSANSTALT, BERLIN 


(Received October 7, 1929). 


Wave-lengths and frequency separations of the fine-structure components of 173 
spectral lines in singly ionized praseodymium are given. It appears, as may be seen 
from a reproduction of some of the fine-structure, Fig. 1, that eackygroup of six fine- 
structure lines has the same general appearance but varies in total intensity and 
width. In some lines given below the intensities and frequency separations within 
each group decrease toward the red, while all of the rest show similar degradation 
toward the violet. 

Theoretical interpretation. These fine structures may be accounted for by assign- 
ing an angular momentum, i =(5/2) (h/2x) to the nucleus of the praseodymium atom. 
This angular momentum space quantized with the total angular momentum of the 
outside electrons, J, yields for each energy level six components (provided J 25/2), 
the actual separations between which are given by the strength of coupling between 
iand J. Since a 6p electron in the atom of praseodymium is part of the time very close 
to the nucleus and part of the time outside of all of the other electrons, the strength of 
coupling for an electron configuration involving a single6s electron should be very much 
greater than that for a 6s electron and still greater than that for a 5d or a 4f electron. 
According to the Bohr-Stoner scheme of the building up of the elements one should 
expect, and the fine-structure intervals confirm this, that practically all of the energy 
levels in Pr II have very large J values. 


PECTRA arising from neutral and ionized praseodymium atoms offer 

one of the most interesting studies of hyperfine structure. Ina prelim- 
inary report! on the hyperfine structure in Pr II it was indicated that a 
large number of lines were made up of six components. At present the fine- 
structures of nearly two hundred lines have been measured, of which about 
one hundred have been completely resolved into six components. Every 
fine structure group that has-been resolved not only shows six components, 
but also reveals within each group a decrease in intensity and interval, 
either toward longer or toward shorter wave-lengths. 

The original spectrograms were taken in the fourth order of the 75 ft. 
grating spectrograph on Mt. Wilson. Although in the fourth order this grat- 


* National Research Fellow. 
1 Gibbs, White and Ruedy, Proc. Nat. Acad. Sci. 15, 642 (1929). 
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ing reveals two sets of faint ghosts, an enormous resolving power and dis- 
persion is obtainable as can be seen from the lines in Fig. 1. One set of ghosts, 
about 1.8A.U. on each side of the strong lines, cause no difficulty whatever. 
The other set of ghosts unsymmetrically placed, within 0.2A.U. of the strong 
lines, which might at first be mistaken for very faint fine structure com- 
ponents, undoubtedly reduce the resolution of the fine structures. These 
latter ghosts are too faint to show in the reproductions, Fig. 1. 

According to King’s? temperature classification of the lines in praseody- 
mium nearly all the wide groups of fine structure belong to the ionized 
spectrum. The measurements of 173 of these groups are given in Tables 
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Fig. 1. Praseodymium fine structure 


I and II. The relative intensities given in column 1 represent the sum total 
intensity of the fine structure components. The intensities can be given in 
this way since in every case the fine structure intensities gradually decrease 
in the same direction as the intervals, either toward the violet, Table I, 
or toward the red, Table II. In columns 2 and 3, the wave-lengths and 
frequencies of the strongest component in each fine structure group is given. 
Wave-length intervals between fine structure components measured on high 
dispersion plates enable the Av’s in column 4 to be given in hundredths of a 
cm-'. In cases where only the first three or four lines are resolved, the end of 
the group has been measured and the intervening lines interpolated. The in- 
terpolated intervals are given in italics. In column 5, the total width of each 
line is given in cm~. Tabulation of these total separations shows that a 
classification into definite groups can be made. This classification, it is hoped, 
will enable the author to get a start on the term scheme of Pr II. 


* King, Astrophys. J. 68, 1 (1928). 
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TABLE I. Singly ionized praseodymium. Fine-structure intervals and intensities degraded toward the violet. 











Frequencyt Av’s cm™! Total Frequency d»’s cm™! Total 
Int. air) Numbers in hundredths ay Int. air) Numbers in hundredths dy 
8 3938.36 25384.12 21 18 15 12 O09 0.75 10 4293.66 23283.62 24 18 15 12 09 0.78 
10 40.25 371.94 33 29 25 22 18 1.27 10 94.80 277.44 26 24 21 17 #12 1.00 
10 46.99 328.62 a | a ae .94 50 4334.07 066.54 29 25 21 19 17 1.11 
50 47.71 324.00 33 28 25 22 19 1.27 8 34.72 063.07 29 25 21 16 II 1.02 
60 49.51 312.46 32 27 23 18 15 1.15 8 59.20 22933.56 30 25 20 17 14 1.06 
60 53.58 286.40 31 27 23 20 17 1.18 10 74.42 853.77 29 21 17 #13 I! 91 
8 59.52 248.47. 29 25 21 17 14 1.06 6 80.38 822.68 22 20 17 13 10 .82 
125 64.90 214.21 31 25 20 16 12 1.04 10 99.40 724.01 23 20 16 12 O08 79 
75 65.33 211.48 28 26 22 16 10 1.02 8 4400.09 720.45 24 21 18 I5 13 91 
40 66.66 203.02 30 25 20 16 13 1.04 8 05.17 694.25 19 15 12 10 08 -64 
50 72.24 167.6! 33 29 24 19 13 1.18 40 05.90 690.49 25 23 20 18 16 1.02 
3 74.39 154.00 30 25 20 15 10 1.00 10 12.23 657.94 28 24 21 19 16 1.08 
20 82.54 102.53 35 32 27 21 16 1.31 15 19.10 622.71 27 17 JI3 Il O9 .77 
50 89.76 057.10 33 22 24 18 13 1.17 20 21.32 611.36 30 28 24 21 19 1.22 
100 94.88 024.99 33 29 25 21 16 1.24 50 29.33 570.46 26 22 18 14 10 .90 
20 97.1 010.96 30 26 22 18 12 1.08 15 32.36 555.03 30 28 21 15 11 1.05 
20 4000.26 24991.33 32 28 24 21 18 1.23 75 49.90 466.13 24 21 18 16 12 91 
15 29. 808.14 27 24 20 16 10 .97 15 54.43 443.29 25 22 19 16 12 .94 
25 31.85 795.52 36 29 24 19 14 1.22 15 58.40 423.30 25 24 22 20 16 1.07 
40 33.92 782.80 27 25 20 17 13 1.02 20 77.35 328.40 29 26 22 19 16 1.12 
20 38.32 755.80 43 37 20 07 O2 1.09 10 87.88 276.01 27 22 20 14 10 .93 
15 39.44 748.94 30 25 20 16 12 1.03 6 93.14 249.92 28 26 23 16 12 1.05 
10 $1.21 677.04 27 22 17 13 10 89 10 94.32 244.09 39 35 29 23 20 1.46 
15 79.87 503.69 25 22 19 16 13 -95 100 96.56 233.01 30 25 22 18 12 1.07 
25 81.09 496.37 30 27 24 21 16 1.18 20 4=4517.71 128.92 35 31 25 20 18 1.29 
25 81.95 491.21 28 25 21 17 13 1.04 10 31.19 063.09 33 28 24 21 16 1.22 
75 4100.79 378.69 27 24 21 18 15 1.05 5 50.85 21967.78 30 24 21 18 15 1.08 
100 18.55 273.57 28 25 21 18 15 1.07 5 70.21 674.73 27 233 233 87 23 1.08 
40 41.30 140.22 30 26 23 21 20 1.20 15 78.29 836.12 33 30 27 23 20 1.33 
75 43.20 129.15 26 23 19 15 il 94 8 4606.56 702.11 26 24 21 19 17 1.07 
50 64.24 007.24 30 26 22 18 14 1.10 50 28.93 597.23 36 30 25 20 18 1.29 
20 71.90 23963.16 29 26 22 19 16 1.12 20 43.67 528.68 33 30 25 20 17 1.25 
25 72.33 960.70 31 27 24 21 15 1.18 40 51.64 491.79 27 23 21 18 13 1.02 
10 78.71 924.12 29 25 21 18 16 1.09 10 85.07 338.44 32 26 23 20 13 1.14 
75 79.46 919.82 27 23 19 15 il A | 10 4707.65 236.10 25 22 20 16 12 .95 
75 89.55 862.21 29 25 21 19 17 1.11 40 .25 233.39 40 36 31 25 20 1.52 
10 91.69 850.03 32 28 24 20 16 1.20 15 34.30 116.56 22 20 18 16 14 .90 
7 4201.26 795.70 26 23 17 12 07 .85 20 45.03 068.80 25 21 19 17 13 .95 
5 06.79 764.42 27 25 23 21 17 1.13 5 54.68 026.04 30 25 20 18 15 1.08 
8 08.55 754.49 29 26 20 16 12 1.07? 5 56.18 019.41 40 35 29 23 18 1.45 
75 23.01 673.16 25 21 18 15 13 .92 15 58.04 011.20 32 28 24 20 16 1.20 
15 36.27 599.05 29 26 23 20 13 1.11 5 61.15 20997.48 35 28 21 18 16 1.18 
15 40.09 577.79 18 16 14 12 09 .69 10 65.35 978.97 29 25 22 20 18 1.14 
30 40.91 573.23 27 25 23 21 19 1.15 6 67.00 971.71 21 18 185 12 09 .75 
30 47.74 535.33 31 26 22 17 12 1.08 5 78.40 921.67 34 31 26 21 17 1.29 
10 51.59 514.01 35 30 26 21 16 1.28 15 .43 899.67 19 17 15 13 10 .74 
15 63.84 446.46 30 26 23 20 17 1.16 10 4832.19 688.79 31 27 22 19 14 1.13 
40 72.36 399.70 28 26 24 21 15 1.14 10 37.14 667.61 27 24 21 18 15 1.05 
15 80.21 356.79 35 30 25 20 15 1.25 10 48.68 618.42 31 27 23 19 14 1.14 
30 82.55 344.03 26 24 22 19 16 1.07 








t The frequencies given in column 3 are only for the strong component of each group. The other frequencies may be 


obtained by adding successively the Av’s in column 4. 


THEORETICAL INTERPRETATION 


Although an energy level analysis and the multiplet structure for Pr II 
has not yet been worked out, an attempt is here made, not only to give the 
origin of the fine structure, but also to explain why practically all of the 
Praseodymium occupies the position of fifth 


lines reveal six components. 


element in the sixth row of the periodic table, Cs, Ba, La, Ce, Pr, Nd, etc. 
According to the Bohr-Stoner scheme for the building up of the elements 
starting with cerium (the first of the fourteen rare-earth elements) 4f 


electrons are added. 


55 
Cs 


6s 


56 
Ba 


6s? 


57 
La 


6s*5d 


58 
Ce 


6s*5d4f 


59 
Pr 


6s*5d4f? 


60 
Nd 


6s*5d4f? 


elc. 


The normal state of Cs I is known to be a 2,2. term arising from a 6s electron. 
The normal state of Ba I, a ‘Sp term, arises from two 6s electrons. The nor- 
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mal state of La I, a ?D(6s*5d) term, has been verified by Meggers.* The nor- 
mal state of the ionized atom, also given by Meggers,‘ is not given by 
6s5d as would be expected but by 5d? which shows a very strong tendency for 
the binding of d electrons over s electrons. This tendency for the binding of 
d electrons in lanthanum might change our present ideas as to the number 
of 5d electrons in the rare-earth elements. Analysis of the rare-earths from 
cerium on is as yet unknown. 


TABLE II. Singly ionized praseodymium. Fine-structure intervals and intensities degraded toward the red. 








Int. A(air) Frequencytt Av’s cm=! Total || Int. Mair) Frequency Av’s cm" Tota 
Numbers in hundredths Ay Yumbers in hundredths Av 

5 3928.61 25447.12 25 22 17 12 08 0.84 10 4403.46 22703.06 24 22 22 18 14 1.00 
5 28. 86 445.50 25 20 17 14 10 . 86 || 100 08.70 676.08 24 21 17 14 10 .86 


10 43.66 350.00 25 21 17 14 10 87 15 19.53 620.51 31 27 22 19 17 1.16 
20 64.19 218.72 19 18 15 12 08 72 40 29.02 $72.05 20 17 14 11 08 .70 
6 67 .06 200.48 27 24 18 13 07 89 10 38.05 $26.12 22 19 16 13 Wl -81 
20 71.06 175.10 23 19 16 12 09 .79 15 46.88 481.40 23 20 16 12 07 .78 
75 81.97 106.12 24 21 17 12 08 82 20 50.08 465.22 26 23 21 19 13 1.02 
20 95.74 019.60 26 22 18 14 Il 91 5 61.20 409.22 16 14 12 10 07 .59 
40 4008.62 24939.21 26 21 17 14 10 -88 15 65.87 385.79 27 23 21 14 07 .92 
20 34.26 780.71 19 16 13 J1 10 -69 75 68.55 372.37 26 22 20 17 Ii .96 
40 54.79 655.25 18 16 14 12 10 .70 10 72.81 351.06 26 20 13 07 04 .70 


~ 75.55 942.22 18 16 13 11 08 .66|| 60 96.24 234.59 21 19 16 13 09 78? 


10 41.16 571.84 33 27 21 15 O9 1.05 6 29.81 069.81 27 24 20 14 09 .94 
10 43.44 $59.17 22 19 17 415 12 85 30 33.99 054.33 27 23 21 19 16 1.06 
10 54.33 498.87 24 20 17 15 13 89 30 35.80 040.67 18 16 13 10 07 64 
8 93.06 286.88 25 19 17 I5 13 89 10 70.44 21873.62 19 14 I1 09 07 -60 
6 95.04 276.14 20 17 14 I1 08 -70 15 4646.03 $17.74 17 13 11 09 06 -56 
40 97.69 261.79 21 18 15 12 09 -75 10 64.60 432.08 17 16 14 11 08 -66 
15 4323.47 123.09 24 21 18 16 14 -93 6 68.15 415.79 23 21 18 15 12 .89 
8 23.81 121.27. 25 18 16 14 Il 84 20 72.01 398.09 21 19 17 14 10 -81 
8 33.04 072.02 24 23 19 15 il 92 5 79.00 366.13 22 20 16 14 10 82 
12 38.61 042.40 26 19 16 13 12 - 86 8 4728.53 142.32 24 22 17 13 09 .85 
20 44.17 012.91 35 30 25 20 16 1.26 20 46.82 060.86 26 22 20 18 15 1.01 
15 47.40 a 23 22 18 14 10 .87 10 62.63 20990.95 21 17 14 12 10 74 


, ° e 66. ‘ x : 
5 55.09 955.21 20 18 15 11 08 72 4 4808.44 802.60 36 34 32 28 20 1.50 
15 59.70 930.93 25 21 18 16 14 94 20 22.87 128.76 22 18 15 13 U1 .79 


75 68.20 886.31 28 24 20 16 12 1.00 5 26.57 712.87 29 24 20 18 16 1.07 
20 71.46 869.25 35 28 24 20 15 1.22 10 58.86 575.23 25 21 16 13 09 . 84 
10 82.61 811.07 44 37 31 25 20 1.57 20 77.71 495.71 31 28 26 21 18 1.24 
5 83.97 803.99 29 26 24 22 17 1.18 5 79.00 490.30 27 25 21 18 15 1.06 
20 95.97 741.74 27 24 20 18 15 1.04 











tt The frequencies given in column 3 are only for the strong component of each group. The other frequencies may be 
obtained by subtracting successively the Av’s in column 4. 


A large number of the fine structure lines in Pr II can be accounted for 
by attributing them to the electron transition 6p to 6s in the presence of 
three other valence electrons, at least one of which is a 4f electron. These 
electron configurations should be 6p5d4f? and 6s5d4f?, or by analogy with 
La II should be 6p5d?4f and 6s5d?4f. In either case the most prominent terms 
arising from any of these configurations have the necessary large inner quan- 
tum numbers. Theoretically 6s5d4f? gives the following 214 terms. 


6s5d4f2 


1(D) (PDF) (SPD FG) 1(PDFGH) 1(DFGHI) 1(FGHIK) \(GHIKL) 
3(D) 3(PDF) (SPD FG) 3(PDFGH) 3(DFGH1I) 5(FGHIK) 3(GHIKL) 
(PDF) 3(PDFGH) 3(FGHIK) 
5(PDF) 5(PDFGH) 5(FGHIK) 


* Meggers, Jour. Wash. Acad. Sci. 17, 25 (1927). 
* Meggers, J.0.S.A. 14, 191 (1927). 
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Of all of these terms, according to Hund’s rule,5 the °K terms should lie 
deepest. Out of the 626 energy levels arising from 6p5d4f? the multiplet term 
having the largest S and L valuesisa*L° term. Of the hundreds of lines re- 
sulting from the electron transition 6p5d4f? to 6s5d4f? mostly those lines in- 
volving large S and L values can be expected to be observed. 


THE LANDE INTERVAL RULE 


Looking at each fine structure group in Fig. 1 one cannot help but think 
of each as the “diagonal lines” of a sextet multiplet which result from tran- 
sitions between two sets of sextet terms where the Landé interval rule is in 
operation. In Fig. 2a a graphical representation of the Landé interval rule 
is shown for the °K5,¢,7,s,9 terms mentioned above. The spin of the four 
valence electrons, (dos = S) S=2, is space quantized with the four electrons, 
(>-1=L) L=7, giving the five whole integer values of J=5,6,7,8, and 9. 


MULTIPLET STRUCTURE 


HYPER- 
FINE STRUCTURE 








Fig. 2. The Landé interval rule. 


The relative spacings between these energy levels, according to Landé, 
should be proportional to the cosine of the angle between S and L, a graphical 
representation being obtained by projecting the ends of the S vector onto 
the L vector when J is an integer. If now an angular momentum, i= (5/2) 
(h/27) is assigned to the nucleus (kern) of praseodymium and this be allowed 
space quantization with the total angular momentum of the outer part of the 
atom, J, in such a way as to give resultant values, f, different from each other 
by 1h/2z, then there will always result, for J 25/2, six values of f. This also 
is shown graphically in Fig. 2b for J=5. The resultant six fine structure 
levels, it is seen from the figure, should follow the Landé interval rule.® 

The actual separation between fine structure levels depends upon the 
strength of coupling between the nucleus, 7, and the valence electrons re- 
sultant, J. In caesium Jackson’ has shown that the total separation of the 
2Si2(6s) fine structure components is about thirty times as large as the 


5 The normal state in all line spectra, neutral or ionized, is given by the multiplet term 
involving the largest S and L values (in the order named), a violation of which has never 
been observed. 

6 The interval ratios should be proportional to the resultant quantum numbers with the 
smallest number omitted. 

7 Jackson, Proc. Roy. Soc. A121, 432 (1928). 
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2P(6p) fine structure components. Here in the simple case where one valence 
electron alone is responsible for the term, one can say that the relatively 
large *Si/2 separation is due to the extreme penetration of the 6s electron. 
Because of this penetration the couplingis very strong. For the 6p electron 
the penetration is less and hence the coupling is much weaker. Meggers 
and Burns® have pointed out that in most cases where hyperfine structure 
appears the energy levels arise from electron configurations involving one 
unbalanced s electron. For example, in La I* the normal state *D(6s*5d) 
shows no fine structure, while ‘F(6s5d?) shows fine structure. In La II® 
the normal state *F(5d?) shows no fine structure, while 'D and *D(6s5d) 
show fine structure. 
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Fig. 3. Comparison of multiplet structure with fine structure. 


Tentatively we can assign a low set of levels in Pr II to an electron con- 
figuration involving one 6s electron namely: 6s5d4f?, and a higher set of levels 
involving a 6p electron namely: 6p5d4f?. The 6s electron, for the low set 
of levels, being part of the time near the nucleus and part of the time outside 
of the atom, greatly strengthens the coupling between 7 and J. The 6p 
electron does not penetrate so far into the atom and hence the coupling is 
weaker between 7 and J. By analogy with Cs the set of fine structure levels 
in Pr II involving a 6s electron should be at least ten times as large as those 
involving a 6p electron. 


MULTIPLET STRUCTURE AND FINE STRUCTURE 


The above reasoning leads to a comparison of multiplet structure with 
fine structure, Fig. 3. In Fig. 3; is an energy level diagram for a 5K —5L 


8 Meggers and Burns, J.0 S.A. 14, 449 (1927). 
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multiplet. The selection principle and intensity rule shows that such a mul- 
tiplet should have five strong lines, Fig. 3;., four weaker lines, Fig. 31,, and 
three very weak lines, Fig. 3,,. Assigning to the nucleus an angular momentum 
4 = (5/2) (4/27) breaks each energy level of Fig. 3, into six fine structure levels 
as shown in Fig. 32 for 5K7, 5Le° 5Z7°, and 5Ls°. Applying again the selection 
principle and intensity rule for fine structure combinations, it is seen that 
each of the five lines Fig. 3;., enlarged some 50,000 times, should appear as 
Fig. 32. Likewise each line of Fig. 3:, and Fig. 3,, should appear as Fig. 32, 
and Fig. 32, respectively. 

If the above explanation of fine structure in Pr II is correct, then it is 
clear why the six components appear as they do in Fig. 1. Since the one set 
of levels is very narrow the frequency separations of the observed lines 
should be approximately those of the wide levels. For example the f values 
for 5K, are 19/2, 17/2, 15/2, 13/2, 11/2 and 9/2. By dropping the smallest 
numbers, as usual, the interval ratios 19:17:15:13:11 are obtained. An 
examination of the Av’s (Table I) shows that a number of lines have very 
closely these interval ratios. Nearly all of the Av’s given in Tables I and II 
show that they all come from levels having large f values and hence large 
J values. 

Relative energy levels like those in Fig. 3 explain the origin of only those 
fine structure lines which are degraded toward the violet. The lines degraded 
toward the red may be explained by assuming a low set of levels in Pr II 
to have very narrow fine structure separations. By analogy with La II 
as indicated above, these even terms, including the normal state, should be 
given by 5d?4f?. Above this would be an odd set of terms, with wide fine 
structures, arising from 6s5d?4f and a still higher set of even terms with nar- 
row fine structures arising from 6p5d?4f. The high terms combine strongly 
with the middle terms giving fine structures degraded toward the violet. 
The middle terms in turn can combine with the low terms giving fine struc- 
tures degraded toward the red. It is hoped that an analysis of the multiplet 
structure of Pr II will confirm these tentative assignments of electron con- 
figurations. 

When hyperfine structure of spectral lines is to be attributed to the 
nucleus, then the spectra from the neutral atom, the singly ionized atom, the 
doubly ionized atom, etc, should all reveal the same angular momentum for 
the nucleus, (the same 7 value). This has not yet been verified for any ele- 
ment where fine structure has been studied. The fine structure lines arising 
from low terms in Pr I (using King’s? temperature classification) are so close 
together that even with the enormous dispersion of 1.5A.U. per cm and a 
resolving power of 200,000 they appear in most cases sharp. In going to 
higher and higher temperatures, that is to other lines which come from higher 
and higher energy levels, the fine structures, although not resolved, become 
wider and wider until in Pr II the lines coming from all levels show definite 
fine structure and, wherever resolved, six components. The widest group 
in Pr II comes from the very highest temperature. The fine structure of 
Pr III, and of some of the widest lines in Pr I are now under investigation. 
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each other by //2r. 


follow the Landé interval rule. 
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ABSTRACT 

Interpretation of hyperfine structures in cadmium, bismuth and lanthanum. 
Term analysis of the hyperfine structure of cadmium indicates, as suggested by 
Schiiler and Briick, that the fine structures of \A5086, 4800 and 4678 are dueto isotopes 
some with an angular momentum 0 and some with an angular momentum 3h/2r. 
This is verified by the fine-structure Av’s when each level f is assigned a weight 2/+1. 
The inverted terms indicate a positively charged nuclear spin. 

Some of the fine-structure terms in bismuth and lanthanum are inverted while 
others are not. The process of inversion within multiplet terms is shown in process 
by Figs. 2, 3 and 4. The data are taken from the work of Back and Goudsmit for 
Bi, and from Meggers and Burns for La. A possible explanation of term inversion 
is given. This is based upon the penetration of an s valence electron, since part of 
the time it is found near the nucleus and part of the time outside all of the other 
electrons. In this way the penetrating electron acts as a carrier in that it strengthens 
the coupling between J of the valence electrons and the nuclear spin 7. For multiplet 
terms, which involve an s electron and which show LS coupling, the total fine- 
structure separations for each term should be proportional of cos Si when cos Ji=1, 
provided J>i, while at the same time the relative separations within each term 
should be given by the cos Ji. 


VOLUME 34 


T THE present time the most satisfactory explanation of the hyper- 
fine structure in spectral lines and terms is obtained by assigning an 


angular momentum, or spin, to the nucleus of an atom. This nuclear angular 
momentum, 7, which for some elements must take on whole integer values 
of h/2m while for other elements must take on half integer values, is space 
quantized with the total angular momentum, J, of all of the electrons out- 
side of the nucleus in such a way as to give resultant values, f, different from 
In this way each energy level in the ordinary energy 
level scheme of an atom should be broken up into 2+1 components (except 
for J<z). Ina previous report on the hyperfine structure of praseodymium! 
it was shown how such fine-structure separations should be expected to 
In the singly ionized praseodynium spec- 
trum, the fine structure of nearly two hundred lines show six components 
which do follow very closely the Landé interval rule. These fine-structure 
groups, which in each case are the diagonal lines of a tiny multiplet, have 
also been found in the spectra of manganese, bismuth, lanthanum, bromine, 
and iodine. Numerous other elements show different types of fine structure. 


* National Research Fellow. 
1 White, Phys. Rev. 34, 1397 (1929). 
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INTERPRETATION OF HYPERFINE STRUCTURE 


CADMIUM 


With the fine-structure measurements of several cadmium lines, made 
by Schrammen,? Ruark and Chenault* constructed a tentative fine-struc- 
ture term scheme. A further study of the Cd I fine structure by Schiiler and 
Briick‘ indicated that an angular momentum of 3} h/2z should be assigned to 
the cadmium atom. 

It has been indicated previously! by the author that in an atomic system 
where fine structure appears, the widest fine-structure term separations can, 
in nearly every case, be attributed to a single s electron. The lowest term in 
the Cd I spectrum is a 'So term arising from 5s*. This 'Sp term, with 
Ys=S=0, LTJ/=L=0, 27 =J=0, can only give one fine-structure term with 
i=}, namely f=}, where f is the vector sum of J and i. Next above this 
1S) term comes the *Po,1,2 terms arising from 5p5s, shown on the left side of 







































































GROSS FINE 
f=% | 
5S68 aV=.260 i 
a cial 
Si 137 if ? 
% 
8 J 
© Ss 
« 4 | 
3p "| 154 i 
2 ° 5, .100 J 
(1/71) 2 ? 
: rat 
5s5p ly ' YY 
.133 . 
3p am L J 
i © 3g 077 Nip? 
342) & 
(342) $ 
< 














nny | 
Pe ae Pe i ° 


Fig. 1. Hyperfine structure in cadmium terms. 











Fig. 1. Still higher the *S' term of 5s5s is found. This *S,; term combines 
strongly with the *Po,:,. terms in the lines AA 4678, 4800, 5086. The fine 
structures of these three lines are shown at the bottom of Fig. 1. Since 
cadmium has at least six isotopes, masses 110, 111, 112, 113, 114, and 116, 
Schiiler and Briick have attributed the strong component in each of the three 
groups of fine structure to the isotopes 110, 112, 114 and 116 with 7=0 
and the remaining components to the two isotopes 111 and 113 with i=}. 
An energy level diagram for the fine-structure levels is given in the center of 
Fig. 1. The heavy lines represent the unshifted energy levels arising from 
the isotopes with i=0. For these atoms *S; combines with *Po,1,2 giving the 
three strong lines near the center of each group, shown at the bottom of the 
2 Schrammen, Ann. d. Physik 83, 1161 (1927). 


3 Ruark and Chenault, Phil. Mag. 50, 937 (1925). 
* Schiiler and Briick, Zeits. f. Physik 56, 291 (1929). 
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figure. The cadmium isotopes with 7 =} splits each energy level, except where 
J=0, into two components. Combinations may now take place between 
those terms where f changes by +1 or 0, excluding 0 to 0. At the right of 
Fig. 1 is given the vector space quantizations of the various angular mo- 
menta for each f level. If the above explanation is correct, then the center 
level of each set of three levels should lie at the “center of mass” of the two 
outside components, the relative weights for each level f being given by 2f+1. 
For the *S; term these weight ratios are 2:1 which is borne out by the 
Av’s 0.137 and 0.260. For the *P; and *P; levels these ratios are 3:2 and 2:1, 
and here again they are borne out by the Ap’s 0.154, 0.100 and 0.133, 0.77 
respectively. 

Careful observations on the fine-structure intensities, by Dr. Schiiler, 
of \ 4678 show that the fine-structure terms must be inverted as shown. The 
total (3/2°.S; — 1/251) separation (556s) is 0.397 cm~!. From Schrammen’s data 
on cadmium, the fine structures of the first, second and third members of the 
3S, series (5s6s, 5s7s, and 5s8s) have total separations of 0.397, 0.375 and 
0.364. These separations, as well as those from 5s5p, are strong evidence for 
the role played by the s electron in fine structure. Since the third member 
of 3S; is so near the series limit, a doublet S term, the normal state of Cd 
II, *Si(5s) should have a doublet separation not farfrom0.350cm—. This 
again is evidence for the strong coupling of an s electron with the nuclear 
spin. 


THALLIUM 


The normal state of thallium is given by a single 6p electron. The resul- 
tant *p terms have a separation of about 7800 cm~. The next term above 
2p is the 7S, term of 6s followed by the 7D terms of 5d. Fine-structure obser- 
vations on the three lines 45352(?P3,2—*Si2), 43776 (?Pip,.—7.Si2) and A2768 
(?Ds2—*Pi,,) have been made by several investigators.’ Schiiler and Briick* 
have quite definitely shown from Zeeman patterns that for the thallium 
atom the nucleus must have an angular momentum of $h/27. Recent obser- 
vations on the line \3766 by Jackson’ show four components. The other two 
lines mentioned above have already been found to have four components. 
These components in each case, by analogy with the Cd I fine structure, 
indicate that thallium must have a weak isotope with 7=0. In order to ar- 
range a definite term scheme for the four lowest levels in thallium more 
accurate measures of the fine structures must be obtained. This is being 
undertaken at present by Dr. Schiiler. 


BARIUM 


The gross structure of Ba I and Ba II has long been known. Investigation 
of the hyperfine structure is being investigated by Dr. Ritschl and the author. 
The normal state of Ba I, a'\S, term (6s?), is sharp. Next above this come the 
8D and 'D terms (6s5d)which reveal fine structure. The normal state of Ba 
II is given by 7S,,(6s) followed by ?D(5d) and*P(6p). As would be expected, 


§ Jackson, unpublished data. 
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the *S—?P combinations show quite wide fine-structures, while the 7D —?P 
combinations appear quite narrow. 


BISMUTH 


Many lines in the bismuth spectrum are known to be complex, some 
of them containing as many as 15 components. Although we have quite 
definite knowledge of the gross structure, it is difficult to assign very many 
levels to definite electron configurations. The normal state, a‘S3.term 
(6p*) vy =58741, according to Goudsmit and Back,‘ is quite narrow. Undoubt- 
edly the next two terms, *D3,, v=47323 and *D5,., v= 43304, arise from the 
same electron configuration 6p*. With some degree of certainty it can also 
be said that the term 7S,/2, v= 26153 arises from 6p*7s. Using the fine-struc- 
ture measurements of bismuth lines as given by Nagaoka and Mishima,’ 
Goudsmit and Back* have been able to give definite knowledge as to the 
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Fig. 2. Hyperfine structure of bismuth terms. 


fine-structure term scheme of some six or seven levels. Three of these sets 
of levels are shown in Fig. 2. At the left in Fig. 2 the gross-structure is given 
with corresponding electron origins, while in the middle the fine structure 
is given with relative term separations. The admirable work of Back and 
Goudsmit® on the Zeeman effect of the hyperfine structure components of 
44722, which in Fig. 2 is the transition from *S,, to *D3,2, definitely assigns to 
the nucleus an angular momentum of (9/2)h/2x. At the right side of Fig. 2 
the space quantizations between i and J are shown for each of the three 
levels. For each J, since 7 is so large, there results 2/ +1 fine-structure com- 
ponents, the relative separations between which should follow the Landé 
interval rule. This has been shown previously by the author in connection 
with praseodymium hyperfine structure, a graphical representation having 
been given.! The theoretical and observed ratios for *D5,2., 7:6:5:4:3, and 
2Ds2, 6:5:4, as may be seen from the figure, are in excellent agreement. 
* Goudsmit and Back, Zeits. f. Physik 43, 321 (1927). 


7 Nagaoka and Mishima, Proc. Imperial Acad. Japan 2, 249, 1926. 
* Back and Goudsmit, Zeits. f. Physik 47, 174 (1928). 
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LANTHANUM 


The normal state of La I, a ?D term (6s*5d) has been verified by Meggers.® 
The normal state of the ionized atom, also given by Meggers,'® is not given 
by 6s5d, as would be expected, but by 5d?. It has been pointed out by Meg- 
gers and Burns" and by the author! that in most cases where hyperfine 
structure has been observed in the heavier elements the energy levels arise 
from electron configurations involving one unbalanced s electron. Excel- 
lent examples are found in La I and La II. For La I the normal state 
2D(6s*5d) shows no fine structure, while 4F(6s5d?) does. For La II the normal 
state *F(5d?) shows no fine structure, while both 'D and *D(6s5d) do. The 
fine structures of the terms just mentioned are shown in Figs. 3 and 4 with 
graphical representations of the vector space quantizations. The levels as 
shown in the center of each figure are taken in part from published data" 
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and part from communications with Dr. Meggers. As given by Meggers, 
the *D; term has five components which means that for the nucleus of lan- 
thanum, 7=2. As yet the exact number of components for the *F3,2,5/2,7/2, 9/2 
terms are not known. The observed fine structures are so close together on 
one side or the other that it is, as yet, difficult to say whether, for example, 
4 Fy has four, five or six components. The wider components are sufficiently 
far apart, however, to say that the Landé interval rule is for *F5,., *F3,, 
3D;, *3D,, and 'D, definitely in operation and that the relative intervals de- 
crease in one direction for one set and in the other direction for the other. 
It is very likely that for lanthanum the nucleus has a value 7=(5/2)h/27 
as in the case of praseodymium.! 
® Meggers, Jour. Wash. Acad. Sci. 17, 25 (1927). 


10 Meggers, J.O.S.A. & R.S.I. 14, 191 (1927). 
1 Meggers and Burns, J.S.0.A. & R.S.1. 14, 449 (1927). 
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In Cd I and TII, (excluding isotopes with i=0)7=3. In PrII' and proba- 
bly in LaI and La II,i=5/2, while in Bil,i=9/2. These values, different 
from each other by4h/27may be significant in the theoryof nuclear structure. 

In Fig. 2 it may be seen that for the ?D;,.term the fine structures are in- 
verted, while for?D;,. they are not. In La II a middle step in this turning over 
process is seen with the *D, term, which appears quite sharp. In La I, an 
additional step is seen. In Pr II, where quintet multiplets occur, there are 
fine-structure groups of many different widths, some degrading toward the 
violet while others degrade toward the red. There is evidence in praseo- 
dymium for five steps in the above process of term inversion. 


THEORETICAL INTERPRETATION 


It has been stated before that the widest fine structures appear in the 
heavier elements of the periodic table. In a simple case like caesium, where 
one valence electron is responsible for the spectroscopic terms, and the nuc- 
leus has an angular momentum, the coupling between the electron spin 
and the nucleus is almost entirely screened off by a cloud of 54 electrons 
With caesium in its normal state the one and only valence electron is a 6s 
electron. This electron is part of the time found on the outside of all of the 
other 54 electrons and part of the time near the nucleus. At the time of 
deepest penetration there must occur the strongest coupling between elec- 
tron spin, S, and nuclear spin, 7, and hence a doubling of the resultant 
2Siterm, The one term due to the electron spin S= +}, the other term to 
S=-—4. If the nuclear spin is positive (i.e. due to a spinning proton or 
a-particle) then for S=+3 and —} the fine structure terms should be 
inverted, as is quite definitely the case in cadmium, Fig. 1. On the other 
hand, if the nuclear spin is negative (i.e. due to electrons) then the terms should 
not be inverted.” For a 6p electron in caesium the penetration into the cloud 
of 54 electrons is less than that for a 6s electron and hence the coupling be- 
tween S and i and the resultant doubling of both of the 2P terms is not as 
great. 

In cases where more than one valence electron is responsible for the re- 
sultant spectroscopic terms, as for example lanthanum, bismuth and pra- 
seodymium, the explanation is certainly more complex. An excellent exam- 
ple is found in the ‘F(5d?6s) terms of La I, Fig. 4. That strictly an LS and 
not a jj coupling is here in operation is seen by the term intervals 627, 485, 
and 342 in almost perfect agreement with the theoretical ratios 9:7:5. 
The angular momentum vectors, J, L and S, when the 6s electron is outside 
the other electrons, are screened off from the nuclear momenta 7 and there 
can only be a very weak coupling between i and J. When the 6s electron 
penetrates the cloud of electrons then the coupling between nucleus and 6s 
electron is strong and at the same time both are screened from the two 
5d electrons. Thus it is seen that the 6s electron acts as a carrier which 


12 When the valence electron spin is in the same direction as the proton spin, then the 
two angular momenta are in the same direction, while the two magnetic moments are in the 
opposite direction. 
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strengthens the coupling between nuclear spin, 7, and electron resultant, J." 

For the *F,y,.(13/2) term, in Fig. 4, the vectors J, Sand are all in the same 
direction. The 7 vector, space quantized with electron resultant J, gives 
five fine-structure levels, separations between which follow the Landé inter- 
val rule. For the ‘F5,.(11/2) the vectors J and 7 are in the same direction 
while S makes an angle of about 90° with them. As the 7 vector now may 
take discreet quantized positions with J, the cosine of either ji or Si is small 
or else one is positive while the other is negative. Hence the levels appear 
almost as one. For the ‘F;,.(7/2) term, J and 7 are in the same direction, while 
S and i are in opposite directions, (cos Ji= +1 and cos Si= —1). Here the 
space quantization of 7 with J gives inverted terms. 

For multiplet terms which show LS couplings and for which there is but one 
deeply penetrating valence electron involved, (an s electron,) (a) the total fine 
structure separations for each term should be proportional to cos Si when cos 
Ji =1(Fig. 4), provided J>i, and at the same time (b) the relative separations 
of fine structure for each term should be given by the cos Jt. (c) When the cos Si 
is positive and i is positive® the fine-structure terms should be inverted while 
for negative i they should be normal; for cos Si negative and positive i the terms 
should be normal while for negative i they should be inverted. When more than one 
valence electron is quite deeply penetrating, the vector sum of the separate 
electron couplings with i determines the total fine-structure width. In 
bismuth, Fig. 2, the resultant couplings of three similar 6 electrons is suffi- 
cient to produce the quite wide fine structures observed. 


Note added October 30, 1929. The fine-structure measurements in singly 
ionized thallium, Tl II, made by McLennan, McLay and Crawford" are shown 
by the author in another paper"’ to be in excellent agreement with the above 
theory of normal and inverted fine structure, and the part played by a single 
s electron in revealing fine structure. 

The weighing of fine structure terms in Cd I, as is done above and 
graphically shown in Fig. 1, is also suggested by Goudsmit in a short ar- 
ticle,48 as a confirmation of the isotope effect in cadmium which was first 
pointed out by Schiiler and Briick‘ from intensity relations. 

A preliminary investigation of the fine-structure lines in manganese (to 
be published later) shows that the fine-structure terms follow very nicely the 
Landé interval rule and are normal or inverted where predicted. 


18 The number of resultant fine-structure terms must be given by i and J and not by # 
and s alone. 

4 For a penetrating p electron (for example 6p) the coupling must depend on both s 
and / of the electron. This means that a p electron may, in some cases, produce as large fine- 
structure separations as an s electron (/ =0) which is more tightly bound. 

6 If i is due to a spinning proton or a-particle it is positive, if due to electrons it is negative. 

1% McLennan, McLay and Crawford, Proc. Roy. Soc. A125, 570 (1929). 

17 White, Proc. Nat. Acad. Sci., in publishers hands. 

18 Goudsmit, Naturwiss. 41, 805 (1929). 
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ABSTRACT 


With the classical picture of the electron, a thermodynamic discussion is given 
of the current drawn from metals by intense fields, using the Volta difference of 
potential between two metals to produce the intense field. It is found that the order of 
the metals arranged according to the magnitude of their field currents is the same 
as their order arranged according to their Volta potential differences. It is also 
found that the density of the electron atmosphere in equilibrium with the metal 
is the same with a given field whether the direction of the field is such as to drive the 
electrons toward the metal or to pull them away from it. The modifications demanded 
in these conclusions by the wave-mechanics picture of the electron are briefly dis- 
cussed; it seems probable that the first result will stand but that the second would 
have to be much modified, the precise method of modification not being now evident. 
In connection with the present wave-mechanics picture it is suggested that the 
potential discontinuity imagined to be encountered by all of the electrons in leaving 
the metal may be statistical in character. Expressions are given for the change 
in heat of evaporation of electrons and in the photoelectric threshold efficiency 
produced by intense fields in terms of a slight change of Volta difference. Attention 
is called to a temperature correction which should be applied to various experimental 
determinations which will have the effect of making the field current not absolutely 
independent of temperature at low temperatures, as has been supposed. 


LTHOUGH the problem of the emission of electrons from conductors 

under the influence of intense fields has been considerably discussed 
lately from the point of view of wave mechanics, I believe that there is still 
room for consideration of this problem from the general point of view of ther- 
modynamics, using the classical conception of the electron as a discrete point 
charge. For wave mechanics must give results consistent with thermody- 
namics, and under the proper limiting conditions must also give results con- 
sistent with the discrete view of the electron. It will appear that a treatment 
from the older and more classical point of view emphasizes certain aspects 
which materially affect our physical feeling of the situation and which are 
not prominent in the picture offered by any wave mechanics treatment yet 
given, although possible tacitly present. 

To get light on this problem by a thermodynamic argument some method 
of applying an intense field to a metal is necessary which shall not involve 
the irreversible effects which must accompany the usual methods of applying 
thousands of volts with a battery. The Volta effect provides such a method. 
In Figure 1 is shown a Volta condenser of two different metals A and B. We 
shall assume that by bringing the plates close enough together the Volta 
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potential difference may be made to generate a field of any desired intensity. 
Field currents ordinarily begin to become detectible at fields of 10° volts per 
cm or more, so that the distance between the plates required to get into the 
field current region is of the order of 10~* or less. 

If the system of Figure 1 is maintained at constant temperature it 
must come to equilibrium, even when the distance of separation is so small as 
to be in the field current region. What are the conditions of equilibrium? 
The principle of detailed balancing, which I have been able to put on a 
purely thermodynamic basis,’ shows that there can be no one-way circulation 
of electrons from A to B through the metallic connection. It follows that the 
number of electrons emitted from either A or B into the intervening space 
must exactly equal the number of electrons which impinge on A or B coming 
from this space. By the usual argument by which the thermionic emission 
current is calculated in terms of equilibrium data, we assume that the number 

















Fig. 1. 


of electrons emitted from the surface under equilibrium conditions is the same 
as the number which flows from the surface as field current when the external 
conditions are so arranged that there is no return current to the surface. This 
number is a function of the external field, and it is our problem to find how it 
is connected with other quantities. 

One preliminary comment is called for. By elementary electrostatics a 
surface charge is induced on the plates by the external field of amount 1/47 
times the intensity of the field. It is rather surprising that this surface 
charge has not attracted more comment; as far as I can discover, no descrip- 
tion has been given of this surface charge in terms of wave mechanics. It 
would seem natural from the classical point of view to describe the cold emis- 
sion phenomena in terms of electrons pulled off the surface of the metal rather 
than in terms of electrons pulled out of the interior, as is practically always 
done. The magnitude of the surface charge in a field of 10’ volts per cm can 
be calculated to be of the order of only one electron to every 2000 surface 
atoms. If one ampere per cm? flows from the surface under this field, each of 
the surface electrons must be replaced 10° times per second, a frequency very 
far below the frequency of atomic vibration. 


1 P, W. Bridgman, Phys. Rev. 31, 101 (1928). 
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We further assume that there is no reflection of electrons impinging 
on the metal surface from outside. This assumption is justified in the therm- 
ionic emission problem, and since the number of surface electrons induced 
even by the strongest fields is so small a fraction of the number of surface 
atoms there can be little danger in extending this assumption to our con- 
ditions. 

Consideration of numerical values shows that the problem may be fur- 
ther simplified, because the number of electrons emitted, even with the most 
intense field currents yet produced, is so small that there can be no collisions 
of electrons in the space between A and B, and each electron can be regarded 
as passing directly from A to B or vice versa, or getting partly across the 
intervening space, but in any event with no interference with other electrons. 

Let the Volta difference be in such a direction that the force on an elec- 
tron is from A to B. Then allthe electrons that get freefrom A are pulled across 
to B. Equilibrium demands that this number be equal to the number fall- 
ing on A coming from B. But the electrons getting across from B to A move 
against the potential gradient, so that a larger number of electrons must be 
emitted from B than from A, and of these there must be enough with veloci- 
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ties greater than the average to get across to A and exactly compensate for 
those leaving A. The principle of detailed balancing further demands not 
only that the total number of electrons reaching A from B equal that emitted 
from A, but that the detailed distribution of velocity in these two groups be 
the same. In Figure 2 let the curve to the right of O represent the energy 
distribution of the electrons emitted from A. This is also the energy distribu- 
tion of those leaving B which reach A. But the energy of these electrons on 
reaching A is less than the energy with which they were emitted from B by 
eVap, where e is the electronic charge and V4, the Volta difference. We can 
therefore represent the energy distribution of the electrons which leave B by 
prolonging the curve backwards, and using O’ as the new origin, where 
OO’ =eVazs. 

Next consider a condenser as shown in Figure 3 with a thin plate of 
some metal C intermediate between A and B in the Volta series, interposed in 
part of the space between A and B. This plate C is to be put at such a place 
that the difference of potential between it and A is exactly equal to the Volta 
difference between A and C under the actual surface charge on A (or C). In 
the space between A and C there is therefore no change produced by the in- 
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troduction of C, and there is also no change in the space between A and B 
to the right of the edge of C, and hence no change in the space between C and 
B, since the system is an isothermal system in equilibrium. That is, the in- 
troduction of C nowhere changes the field or the distribution of electrons 
in the intermediate spaces. Consider the equilibrium distribution at the 
potential level of C. To the right of the edge of C there are equal streams 
of electrons going in two directions. To the left, at the point P;, a stream 
emitted toward A from the upper surface of C, which is positively charged, 
replaces the stream at the right which comes from B toward A, and at P; 
the stream at the left emitted toward B from the lower surface of C, which is 
negatively charged, replaces the stream on the right emitted from A toward 
B. But these two streams on the right are equal. 

It follows that in an intense field the electron density immediately 
outside a metal surface and in equilibrium with it is the same whether the 
surface charge is positive or negative; that is, whether the external field is in 
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such a direction as to “pull the electrons out of the metal,” or to push them 
into it. 

Return now to Figure 1. The whole number of electrons emitted from 
B when positively charged, as in the figure, is equal to the number which 
would be emitted if it were negatively charged to an equal density. But in 
this case all the electrons emitted would be drawn away, and would constitute 
the field current. Applying this result to Figure 2, the curve to the right of 
O’ represents the distribution of velocities in the field current that would be 
drawn from B, in the same way that the curve to the right of O gives the 
field current from A. It follows that at a given field intensity and a given 
temperature the field currents from all metals can be represented by a single 
curve, the origins being displaced from metal to metal by distances cor- 
responding to the Volta differences. This Volta difference is the Volta differ- 
ence in the actual field; it is possible that this may be different from the Volta 
difference measured under normal conditions, but in view of the small number 
of electrons which constitute the surface charge, it is probable that the effect 
is small, and may be neglected to a first approximation. Neglecting this 
small variation of Volta difference, the analysis just given shows also that 
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the order of the metals arranged according to the magnitudes of the field 
currents at constant field is independent of the strength of the field. 

We now have to consider how far these results, which have been deduced 
with the classical conception of the electron, may be expected to correspond 
to the experimental facts. According to the present wave-mechanics picture, 
as presented, for example, by Nordheim? in his summarizing article, the 
kinetic energy of the electrons between the plates of a Volta condenser is 
negative. There does not at the moment seem to be any well accepted opin- 
ion as to how the experimental aspect of an electron with negative kinetic 
energy differs from that of a canonical electron, but one may suspect in a 
broad way a failure of the classical picture. A similar conclusion is indicated 
by a consideration of the “wave-length” of the electron. Assuming a Volta 
difference of 5 volts and the plates placed 5X10~" cm apart so as to give a 
field of 10’ volts per cm, then the wave-length of the electrons calculated 
by the formula \=h/p, at a distance 10-7 cm from the surface, where accord- 
ing to the classical picture the electron has fallen through 1 volt, will be found 
to be also approximately 10-7 cm. 

Applied to our results, it seems to me that the conclusion that the order 
of the metals arranged according to the magnitude of the field currents is 
also the order when arranged according to the Volta difference will probably 
stand. An independent argument may be advanced for this, in that the class- 
ical analysis above has made no reference to the mechanism by which the 
Volta difference is maintained, so that as far as the argument goes, the Volta 
effects might be used to produce the actual potential differences of thousands 
of volts, and so the actual field currents, although as an experimental fact 
the Volta difference never exceeds a few volts. An experimental check of this 
conclusion regarding the relative magnitude of the field currents from differ- 
ent metals would probably be difficult to make at present because of the 
difficulty of obtaining metal surfaces free from local imperfections. It ought 
to be possible to give a wave-mechanics account of this phenomenon. 

The more paradoxical of our results, however, that the equilibrium den- 
sity outside a charged metal surface is increased by the same amount whether 
the sign of the charge is such as to pull the electrons into the surface or repel 
them from it, is without doubt not directly applicable to attainable experi- 
mental conditions, because this would mean getting so close to the surface 
that the electron can no longer be treated as a discrete thing; in this range it 
is probable that the electron behaves more in a way suggestive of the optical 
phenomena outside a totally reflecting surface. However, it would seem that 
there ought to be some wave mechanics counterpart for this classical effect, 
and one may therefore suspect an incompleteness in the present wave- 
mechanics treatments. 

A suggestion may be ventured as to a possible modification of the pres- 
ent wave-mechanics picture. The electron is at present thought to be able 
to escape from the metal only by leaping over a potential fence erected 


* L. Nordheim, Phys. Zeits, 30, 177 (1929). 
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around the boundary of the metal. The properties of this fence, even in the 
wave mechanics treatments, are calculated by using the classical point of 
view which regards the fence as a manifestation of the “image” force. The 
classical image force is a smoothed out affair calculated by assuming electric- 
ity capable of infinite subdivision. The electrons experience this force only 
on the average in attempting to leave the surface; the actual force may be 
greater or less depending on the precise location of the ion left behind by the 
electron. It seems probable therefore that the potential fence is a fence only 
in a statistical sense. One may suspect that perhaps “negative kinetic 
energy” is merely the bar sinister attached to an orthodox electron that has 
managed to escape between the pickets of the fence. The difficulties here 
are of the same character as those in assuming a potential energy inside the 
atom varying inversely as the distance; this is generally recognized to be 
one of the least satisfactory parts of the wave-mechanics picture. 

This completes the main points of this general analysis. There are 
a couple of remarks of minor importance still to make. Although much of my 
former analysis of the connections between Volta effect, thermionic emission 
and photoelectric effect® is not applicable to these intense fields, those 
parts which do not involve the state of the electron gas too close to the 
surface still apply. Two results may be mentioned. One is the equation: 


Anpa —Anps = eAV pa ° 


Here An, is the change in the heat of evaporation at constant surface 
charge of an electron from the metal A produced by an intense external field, 
An,z is the corresponding change in the heat of evaporation from B, and 
AVza is the change of Volta difference between the same two metals pro- 
duced by the same field (or surface charge). It is natural to expect a small 
change in the heat of evaporation when the surface experiences the stress 
incidental to a heavy charge, so that this formula makes it plausible to ex- 
pect a corresponding change in the Volta difference under the same con- 
ditions, an effect neglected in the analysis above. 

The analysis formerly given for the photoelectric effect may also be 
carried through under the modified conditions, and gives: 


h(Avoa — Avog) = eAV ap ’ 


where Av, is the change in the photoelectric threshold frequency of A pro- 
duced by the external field, Avog is the corresponding quantity for B, and 
AVza is the same change in the Volta difference above. This formula 
suggests a change in the threshold photoelectric frequency when the surface 
of the metal carries a heavy charge, which might well be detectible by experi- 
ment. 

Finally, a remark about the temperature dependence of the field current. 
The statement is often made that the field currents are absolutely independ- 
ent of temperature over a wide range of temperature, for example over 


8 P. W. Bridgman, Phys. Rev. 14, 306 (1919); 31, 90 (1928); 31, 862 (1928). 
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the range from 300° to 900°K in the experiments of Millikan and Eyring.‘ It 
would seem, however, that no correction has been applied for the thermal ex- 
pansion of the apparatus. In particular, in the experiments of Millikan and 
Eyring in which the intense field was produced at the surface of a fine wire 
at the axis of a cylinder, the temperature expansion between 300° and 900° is 
about 0.3 percent, which would produce a decrease of this magnitude in the 
intensity of the field at the surface at constant potential difference, the con- 
ditions of the experiment. This consideration still applies even if the dis- 
charge takes place from pointed projections on the surface, for the radii of 
curvature of these projections must change with temperature by a percentage 
amount independent of their absolute size. The change of 0.3 percent is small, 
and less than the error of measurement of the field currents. But the field cur- 
rent changes with enormous rapidity with the strength of the field, in the 
experiments of Millikan and Eyring by tenfold for a change in the field of 
10 percent. So that a change in the field of 0.3 percent should have produced 
in the field current a change of several percent, well above experimental error. 
The fact that no change was observed with increasing temperature really 
means, therefore, that the emission at 900° is several percent greater than the 
emission at 300° under the same field. This observation may have some ap- 
plication in the domain of mixed effects, intermediate between the range of 
the pure Schottky effect at high temperatures and the range of complete 
temperature independence at low temperatures, which is indicated by wave- 
mechanics theory, but which has not yet been found experimentally. 

I have profited much by the opportunity to discuss these questions 
with Professors Kemble and Slater. They should not, however, be held in any 
way responsible for any opinions expressed here. 


* R. A. Millikan and C. F. Eyring, Phys. Rev. 27, 51 (1926), 
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ABSTRACT 


The increase in electron emission from oxide-coated platinum filaments when 
light is focused on them was studied as a function of applied potential, filament 
temperature, and wave-length of the incident light. The effect was zero at zero ap- 
plied field but reached a saturation value at from 2 to 10 volts depending on the 
thickness of the oxide coating. At an applied potential sufficient to give saturation 
the effect increased with filament temperature up to about 1000° C and then became 
less for higher temperatures. The long wave-length limit of the effect was about 
4000A. There is a sharp increase in sensitiveness for wave-lengths less than about 
2500A. 

These facts all find an adequate explanation if it be assumed that the normal 
photoelectric emission from the oxide coating of the filament so modifies the dis- 
tribution of its intrinsic surface field as to alter the effect of the externally applied 
field on the work function of the surface. 


INTRODUCTION 


HE first systematic investigation of the effect of light on the electron 

emission from oxide-coated filaments was made in 1926 by W. H. Crew.! 
He used clean platinum and tungsten filaments, platinum coated with the 
oxides of barium and thorium and tungsten filaments coated with barium and 
thallium oxides. The thermionic currents from the clean filaments were not 
measurably affected when the filaments were exposed to the full radiation 
from a quartz-mercury arc. On the other hand the thermionic currents from 
the oxide-coated filaments increased very considerably when the filaments 
were exposed to the radiation. The amount of the increase was found to bea 
function of the potential applied to the tube, increasing from zero at zero 
applied field toa maximum at from 2 to 14 volts, depending, at least in part, 
on the thickness of the oxide-coating. An increase in the temperature of the 
filaments caused the maximum to shift to lower values of the applied field. 
By using various filters in the light path Crew was able to show that radi- 
ations of wave-length less than 3000A were most effective in producing the 
effect. On the other hand he found a measurable effect at longer wave- 
lengths and concluded that the long wave-length limit, if such existed, was 
greater than 3000A. He further found that water-cooling the arc increased 
the effect fourfold, and expressed his belief that light of wave-length 2537A 
is particularly effective. 


1'W. H. Crew, Phys. Rev. 28, 1265 (1926). 
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The explanation he suggested to account for the effect of light on the ther- 
mionic emission from oxide-coated filaments was that the action of the light 
is to free electrons from a thin film of metal which had formed on the surface 
of the oxide. The work function of this metal film is conceivably less than for 
an appreciable thickness of the metal and to account for the maximum ob- 
served in the current-voltage curve he suggests that the value of the work 
function changes with applied voltage. He thus assumes that the large effect 
observed is due to the addition of an abnormally large photoelectric emission 
to the thermionic emission of the filament. The cause of the abnormally 
large photoelectric emission is ascribed to a low work function produced either 
by temperature or by structure or composition of the active surface. This 
explanation does not appear adequate for reasons which will be set forth later. 
The relation between the thermionic and photoelectric emissions is undoubt- 
edly a much more intimate one than a mere addition. The magnitude of the 
effect suggests that the photoelectrons are effective primarily through their 
influence on the factors which control the relatively much larger thermionic 
emission. 

































A- anode 
B - shield 
C- quartz window 
D- balancing circuit 
F - filament 

G - galvanometer 
S- shutter 











Fig. 1. Diagram of apparatus. 


In the present paper a theory of the phenomenon will be developed from 
this point of view. Leading up to this discussion, experiments are described 
the object of which is (1) to examine somewhat more fully than has hitherto 
been done the magnitude of the effect as influenced by the temperature of the 
filament and by the magnitude of the applied potential; (2) to determine with 
some precision the long wave-length limit of the effect. 


APPARATUS 


The arrangement of the apparatus is shown essentially in Figure 1. The 
part of the vacuum tube containing the filament, plate and shield was con- 
structed of quartz, 2.5 cm in diameter and 12 cm long. It was fused on to 
Pyrex by means of a quartz-Pyrex union. The plate A was a nickel cylinder 
surrounding the filament F. The electrostatic shield B which fit tightly inside 
the tube was a nickel cylinder with nickel mesh in front of the quartz window 
C, and was connected to the negative filament lead. All leads were of nickel 
and entered the tube through tungsten-to-glass seals, the nickel being welded 
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to the tungsten. The filament which was welded to the leads was a strip of 
oxide-coated platinum foil about 1.5 mm wide and 10 mm long. The coating 
process consisted in applying to the platinum core approximately equal parts 
of the nitrates of barium, strontium and calcium which had been mixed in 
sealing wax. The filament temperature was raised sufficiently during the 
application to melt the sealing wax that was brought into contact with it. 
The temperature was then further increased, the filament being maintained 
at about 1000°C in air for an hour, to drive off the volatile constituents of the 
wax and to reduce the nitrates to oxides. 

The evacuating system consisted of two diffusion pumps in series backed 
by a “High-Vac” oil pump, a liquid-air trap and a McLeod gauge. The elec- 
tron emission was measured by a Leeds and Northrup galvanometer, 13,770 
megohms sensitivity, 565 ohms resistance. Potentials were applied across it 
by means of the arrangement D to balance out the thermionic current so that 
the full sensitivity could be used to measure the increase due to the light. 

Two sources of light were used: an air-cooled, quartz, mercury arc and an 
iron arc. The latter served only as an approximate check since it was impos- 
sible to keep it steady. Furthermore, its intensity distribution is not well 
known. Its one advantage lies in the increased intensity of the lines below 
3000A as compared with the Hg arc. A copper shutter was placed in front of 
the quartz window so that the light could be admitted as desired. 


PROCEDURE 


The tube was first evacuated and then baked out for not less than six 
hours at a temperature of 800°-1000°C with the pumps running and the 
filament current at a value slightly higher than that at which the readings 
were to be taken. Baking at this temperature was possible since the tube 
was of quartz. During the baking all the Pyrex on the high vacuum side of the 
pumps was heated to approximately 400°C. 

The tube was then allowed to cool and the readings taken as quickly as 
possible, the tube being connected to the pumps which at all times main- 
tained a pressure lower than could be read on the gauge (10-* mm of Hg). 

The thermionic emission after 6 hours baking at 800-1000°C was steady, 
so that when it was balanced out the galvanometer showed only a slow steady 
drift for which a correction could easily be applied. Additional baking made 
no noticeable improvement. 


RESULTS 


(1) Variation with applied potential. With constant filament-heating- 
current various potential differences were applied between the filament and 
the plate, the plate being positive with respect to the filament. At each value 
of the potential difference, the balancing circuit D was so adjusted as to give 
zero deflection of the galvanometer with the shutter closed. The shutter was 
then opened and the radiation from the arc falling on the filament caused an 
increase in the electron current which was noted on the galvanometer. The 
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galvanometer sensitivity was adjusted so that the maximum deflection was 
approximately 40 cm in all cases. ~ 

The iron arc was used as the light source for several runs, but most of the 
data were obtained with the mercury arc. 

More than 50 runs were taken at various temperatures on two different 
oxide-coated filaments. In all cases the curves were of similar form, approach- 
ing a saturation value as the potential of the plate was increased. Typical 
curves are shown in Fig. 2. For filament No. 1 the saturation value was reach- 
ed at two volts and for No. 2, with a thinner coating, it occurred at ten volts. 


Filament No. | 
Light-induced currents 

from oxide-coated 

platinum filaments 


Galvanometer deflection (cm) 





Plate potential (volts) 


Fig. 2. Variation with potential and temperature of filament of the light induced currents. 


Thoriated tungsten filaments were also tried but the light produced a 
small effect, the ordinary photoelectric effect, which was practically constant 
at all temperatures. The data given in this paper were all obtained on oxide- 
coated platinum filaments. 

(2) Variation with filament temperature. The effect was confined to a nar- 
row range of temperature. For filament No. 1, the deflection with three volts 
applied potential increased from a value not measurable on the galvanometer 
when the filament was cold to a maximum value of 0.48 microampere at 
approximately 1000°C. For higher filament temperature the deflections 
decreased until at about 1200°C they were only one-fourth of the maximum 
value as is shown in the curves of Fig. 2. 


TABLE I. Influence of filament temperature on the light-induced 
increase in thermionic emission. 














Filament current Thermionic emission Increase due to light 
amperes micro-amperes micro-amperes 
2.5 3.5 0.16 
2.7 7.0 .26 
2.9 13.8 .40 
au 28.5 .48 
3.3 46.0 .38 
3.5 73.0 58 
3.7 173. 15 
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Table I gives the thermionic emission and the increased emission due to 
the light at 2 volts applied potential for several values of the filament heating 
current. 


(3) Variation with the thermionic emission. For a given filament tempera- 
ture the thermionic current and current due to the light could often be chang- 
ed considerably by “flashing” at a higher temperature. It was found that 
both were changed by practically the same ratio. In several instances the 
thermionic current was doubled by this treatment and in every case the 
effect of the light was also doubled. This of course is only true when the tem- 
perature of the filament is brought back to the same value after flashing that 
it had before. 

(4) Variation with wave-length of the incident light. Long wave-length 
limit. To obtain the variation of the currents, due to the light, with wave- 
length of the incident light, the potential was kept constant at 3 volts, a 
value greater than that necessary to produce saturation, and with the ther- 
mionic current balanced as previously, the galvanometer deflections were 
noted when various filters were placed in the path of the light. These filters 
transmitted the longer wave-lengths but were opaque to the extreme ultra- 
violet and were so chosen that they cut off in fairly regular steps from 2000 
to 4000A. Two types were used (a) a series of liquid filters described by 
Williamson? and a series of solutions of cupric chloride; and (b) a set of glass 
filters furnished by the Corning Glass Works.* The relative intensities of the 
various spectral lines of the iron arc were taken from a table by Watts.‘ 
These are at best but rough approximations. The data for the mercury arc 
were obtained from determinations by Harrison and Forbes’ and Hulburt.® 

The relative intensities for various regions of the Hg arc corrected for 
variation in the effective slit width are given in the following table. 


TABLE II. Relative intensities in various regions of Hg arc. 











Approximate Approximate 
Wave-lengths (A) relative intensity Wave-lengths (A) relative intensity 
2340 to 2440 1.0 2960 to 3150 9.2 
2440 to 2500 1.4 3150 to 3350 3.0 
2500 to 2600 ss 335C€ to 3700 11.1 
2600 to 2710 3.6 3700 to 4046 3.0 
2710 to 2940 4.7 











2 R. C. Williamson, Phys. Rev. 21, 107-121 (1923) 

3 For a very satisfactory discussion of filters supplemented by a very complete bibliography 
see Gibson, J.0.S.A. & R.S.I. 13, 267 (1926). Data given by L. A. Jones, J.0.S.A. & R.S.I. 
18, 263 (1928), Gibson and McNicholas, Bur. Standards Tech. Papers 119 (1919), and Coblentz, 
Bull. Bur. Standards 9, 81 (1913) were used to compute the transmissions of screen F (Corning 
G 586), Noviol O, and cupric chloride solutions. 
4 W. M. Watts, An Introduction to the Study of Spectrum Analysis. 
5 G. R. Harrison and G. S. Forbes, J.0.S.A. 10, 1 (1925). 
6 E. O. Hulburt, Phys. Rev. 32, (1928) 
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The light-induced electron current per unit intensity of the source was 
plotted as a function of the wave-length (Fig. 3). This shows that the wave 
lengths shorter than 2500A are the most effective. In fact, although accord-- 
ing to Suhrman’ the intensity of the Hg arc below 2500A is only about 12 
percent of that from 2500 to 4000A it produces more than half the effect. 
There is no evidence here for the abnormal effectiveness of light of wave- 
length 2537 as suggested by Crew’s observations. The interpretation of the 
curve of Fig. 3 in terms of the long wave-length limit of the effect is somewhat 
uncertain. Two interpretations suggest themselves: (1) Two types of photo- 
electrically active surfaces are present in the film, one with a long wave- 
length limit at about 2550A (work function, 5 volts) and the other with a 
long wave-length limit at 4000A (work function, 3 volts). 
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Fig. 3. Variation with wave-length of the light-induced currents and the normal photoelectric 
sensitivity of the filament. 


(2) The long wave-length limit of the photo-sensitive surface is 4000A 
and its photo-sensitivity curve has a maximum at about 3400A and a mini- 
mum at about 2700A. A curve of this sort resembles that of the normal 
photo-sensitivity of some surfaces. 

Runs made with the filament at room temperature, the normal photo- 
electric effect, are also shown in Fig. 3. The general shape of the curve and the 
long wave-length limit agree with that for the hot filament within limits of 
accuracy of the experimental work. The deflections of the galvanometer 
used for the cold filament were multiplied by 15 which gave the same deflec- 
tion at 2580A as for the hot filament. This galvanometer had a sensitivity of 
approximately 20 times that of the galvanometer used with the hot filament, 
so that the photoelectric current was about 1/300 of the corresponding cur- 
rent from the hot filament. 


7 Suhrman, Ann. d. Physik 6, 79 (1922). 
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DISCUSSION OF RESULTS 

As already noted, the phenomenon described in the preceding pages may 
be interpreted in two ways. 

The simplest of these is to regard it as the mere addition of an abnormally 
large photoelectric emission to the normal thermionic emission of the filament. 
The difficulties in the way of such an explanation are: (1) the magnitude of 
the effect and the inability to relate it to an abnormally low photoelectric 
work function; (2) the variation of the effect with applied potential; (3) the 
intimate relation between the magnitude of the effect and the magnitude of 
the thermionic emission; and (4) the abnormally large variation of the effect 
with temperature. For these reasons we turn to the other possible explana- 
tion, that the effect of light on the filament is to produce only a normal photo- 
electric emission but that this emission so modifies the factors controlling the 
thermionic emission as appreciably to alter the magnitude of the thermionic 
current. 

The thermionic emission from a filament follows the equation 


i=AT e-oe/ kT 


where 7 is the current from the filament at the temperature 7, A is a con- 
stant for the filament, de is the energy lost by the electron in escaping, and is 
Boltzmann’s constant. In various special forms of the theory m has values of 
0,1/2and 2. At a given temperature any variation of 7 must be the result 
of a change in @.* 

It must be noted that the effect of light on the thermionic emission is mere- 
ly to modify the effect of the applied field on ¢. It does not affect the emission 
from pure metal filaments for which the Schottky effect is very small, nor 
does it affect the value of @ for coated filaments, for which the Schottky 
effect is large, unless there is an applied field. 

Becker and Mueller® have pointed out that quite generally 


A(log 2) e d¢ 


OF « kT OF, 


where F, is the applied field at the surface of the filament and 5 is the distance 
from the filament at which the externally applied field just balances the in- 
trinsic surface field. The effect of light is to increase the negative value of 
6 (log 7) /6F,, that is, to increase the value of so. Illuminating an oxide-coated 
filament therefore causes the surface field to fall off somewhat less rapidly 
with distance from the surface. It does not, however, change the integral of 
the surface field since the work function with zero applied field is not altered. 


* We shall disregard the possibility of a change in A. It is true that one of the factors 
which enters into the value of A is the reflection coefficient of the surface for electrons and that 
there is some evidence that this may be affected by light. On the other hand if this were the 
cause of the present phenomenon it would not be likely to show a striking dependence on the 
applied field. 

8 J. A. Becker and D. W. Mueller. Phys. Rev. 31, 431 (1928). 
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Becker and Mueller have pointed out that to account for the thermionic 
behavior of non-homogeneous filaments it is necessary to assume that in a 
region just outside the metal surface there is a layer which contains a net 
positive charge. If, as a result of the normal photoelectric emission, this layer 
is left with a somewhat increased positive charge the intrinsic surface field 
would extend somewhat farther from the surface. This provides an adequate 
explanation of all the phenomena observed in connection with the effect of 
light on the thermionic emission of oxide-coated filaments. 

Most of this work was done while the writer was a Shevlin Fellow at the 
University of Minnesota. 

In conclusion, I wish to acknowledge my indebtedness to Professor 
John T. Tate for the suggestion of this problem and my appreciation of his 
interest and many valuable suggestions made during the course of the work. 
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(Received August 29, 1929) 


ABSTRACT 


The number of positive lithium ions passing through a fixed distance was ob- 
served with different pressures of mercury vapor. The rate of absorption deduced 
was found to depend on the aperture of the apparatus. This indicates that the ab- 
sorption is due largely to small angle scattering of the ion at a collision with a mercury 
atom. This scattering is incompatible with that due to elastic collisions. A com- 
putation with a law of electrostatic repulsion gives a dependence of absorption on 
aperture in qualitative agreement with the observations. 


N THE usual experimental arrangements the absorption of positive ions 

in gases may be due to change in velocity, either in direction or in magni- 
tude; or to neutralization, either from collision with gas molecules or by pick- 
ing up free electrons. Durbin,! Ramsauer,? Kennard? and others have studied 
slow speed positive ions in hydrogen, helium, neon, nitrogen, air, oxygen and 
argon. The methods actually used by Durbin and Ramsauer measured those 
ions which had not been removed by any of the effects mentioned above. 
Kennard’s modification of Durbin’s method makes possible the detection of 
change in speed. For instance, he found for 90 volt caesium ions in hydrogen 
a decrease in speed equivalent to 1.3 volts per collision. In this one case the 
area under the curves was constant for the pressure range 0.2X10- to 
80X10-* mm Hg, indicating the complete absence of neutralization and 
scattering. 

Slowing up accompanied by a tendency toward equality in areas was 
observed for 35 and 90 volt caesium ions in both hydrogen and helium and 
also for rubidium ions in hydrogen. This indicates that slowing up is to be 
expected in the case of heavy ions in light gases. For caesium in argon, 
however, symmetrical curves having approximately the same base-line were 
observed. Kennard interpreted these curves as showing that the main phe- 
nomenon was neutralization of the ions, since if scattering were the cause of 
absorption one would expect deviations both to larger and smaller radii of 
curvature, with the result that curves taken at higher pressure would have 
longer base-lines. When the dimensions of the absorbing chamber are con- 
sidered (20X128X3 mm‘*) one sees that scattering is not ruled out on this 
ground because the number of ions scattered along the armature slot may be 
negligible compared with the number scattered into the pole piece which 


1 Durbin, Phys. Rev. 30, 844 (1927). 
2 Ramsauer, Phys. Zeits. 28, 858 (1927). 
§ Kennard, Phys. Rev. 31, 423 (1928). 
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form its walls, so that the electrometer current may decrease so sharply on 
either side of the peak as to make the curves seem to have the same base- 
lines as in Fig. 3 below. For these cases in which Kennard concluded that 
the absorption was due to neutralization with no loss of speed, there was 
therefore no conclusive evidence to differentiate between scattering and neu- 
tralization. 

In the present experiments lithium ions were passed through mercury 
vapor in order to study the case of a light ion in a heavy gas. The absorption 
was observed by two distinct methods which, taken together, permit of a 
conclusion as to the cause of absorption. For those cases which show no 
definite speed change it is possible to determine whether scattering is playing 
an important role in the absorption. It was found in these experiments that 
the behavior of positive ions is not the same as that of electrons in absorption 
experiments. The indentity of “Absorbierender Querschnitt” and “Wir- 
kungsquerschnitt” as found by Ramsauer* for electrons does not hold for 
positive ions. That is, the “opposing cross section” when measured by an 
apparatus of the Mayer® type is less than when measured by one of the 
Ramsauer type. This fact prevents any definite meaning being given to the 
radius of ions or molecules as determined in this way. 


APPARATUS 


The usual method of using mercury vapor at low pressure is to put the 
trap of the diffusion pump into a thermostat and assume that the mercury 
vapor diffuses back into the apparatus at a pressure corresponding to the 
temperature of the trap, while air, water vapor and gases from metal parts 
diffuse the other way and are removed. While this would possibly be the 
equilibrium condition, it would be only slowly realized in a perfect apparatus 
and perhaps not at all in cases where the ion source gives out considerable 
gaseous material as it emits. A continuous flow method involving a small 
mercury well, a hot wire gauge, and magnetically operated throttle valve 
which controlled the rate of pumping was first tried. It was abandoned 
because the gauge would not stay in calibration long enough to take data for 
a complete set of curves. 

At Professor Dempster’s suggestion the method shown in Fig. 1 was 
adopted. The mercury well Hg is 5.5 cm in diameter and the glass tubing of 
the vacuum line 1.2 cm in diameter with an effective length from well to 
liquid air trap 7’’ of about 200 cm. A careful attempt was made to place 
the analyzing chamber A at exactly the mid-point of this glass line resis- 
tance so that the pressure in this chamber is just half of that in the well, 
when the trap is in liquid air. This gives a high speed vacuum system which 
is constantly flushed with mercury vapor. When a high vacuum is required 
liquid air is placed also on trap 7. 


* Ramsauer, Ann. d. Physik 64, 513 (1921). 
5 Mayer, Ann. d. Physik 64, 451 (1921); Also P. Lenard; Wien’s “Handbuch der Experi- 
mentalphysik” XIV, 170 (1927). 
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The temperature regulator was an ether vapor thermometer (using a 
mercury column in vacuo to balance the ether vapor pressure) with 7 elec- 
trodes sealed in a long capillary as at F in Fig. 1. These were connected 
through an 8 point switch and sensitive relay to the heater circuit. Each 
position of the switch gave a constant temperature. The range was from 
— 30°C to 46°C. This regulator was placed beside the mercury well Hg in a 
thin copper cylinder, R, which acted as a baffle. Twelve wood splints, J, 
resting on the bottom of tall glass beaker, J, served to support the baffle 
and to hold’ the heater wire, W, in the convection stream. The glass beaker 
was supported by its flange in a second cylinder, L, which acted as a baffle 
for convection currents in the cooling bath, N. Kerosene was used in the 
beaker. Dried air from copper tubes, Q, provided convection currents in 
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Fig. 1. 


both beaker and pail. The heavy arrows indicate the directions of these 
currents. By keeping the cooling liquid in the refrigerating pail to within 
5° of the desired temperature on the low side, and by using a large surface 
of heater wire whose temperature while carrying current is regulated (by a 
potentiometer hook-up) to a few degrees above the desired temperature, the 
regulation can be made to 0.1° with certainty and probably much better. 
The temperature of the room was kept several degrees higher than the highest 
temperature in the thermostat to avoid condensation of mercury on the walls 
—generally at 52°C. Knudsen’s® values for the vapor pressure of mercury 
were used. 

The lithium ion source was that used by Hundley’ and Thompson: A 
small crystal of spodumene fused on to a platinum strip heater. 


6 Knudsen, Ann. d. Physik 29, 184 (1909). 
7 Hundley, Phys. Rev. 30, 864 (1927). 
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This source is remarkably constant in emission for long periods. This is 
evident in the fact that the experimental points for the electrometer current 
with different currents through the magnet, lie on a smooth curve and that 
these curves were reproducible from day to day as shown for example in the 
data for lithium at 25 volts. The source seems to be much steadier than the 
lithium amalgam source used by Ramsauer as shown by the wide distribution 
of experimental points in his curves* and the necessity for rapid observations 
mentioned in his papers. The galvanometer used to measure the initial 
ion current had a current sensitivity of the order of 10-'° amps. per mm when 
critically damped. The usual deflection was 100 mm so that initial ion cur- 
rent could be maintained easily to 1 percent. The Faraday-cylinder ion- 
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currents were measured using Dempster’s® balance method, with a quadrant 
electrometer of 1100 divisions per volt sensitivity as a null indicator. The 
leads to this were short and carefully shielded—the only insulation being the 
glass of the line, the amber of the electrometer and a single sulphur plug at 
the ionization chamber. The apparatus was enclosed entirely in glass—the 
high temperature of the room and the necessity for frequent baking out pro- 
hibiting the use of waxed joints. A three stage mercury pump was operated 
continuously, and data were taken after the apparatus had been pumped for 
several days. 

Two methods of procedure were followed designated as the first and 
second methods. 


®§ Dempster, Phys. Rev. 18, 417 (1921). 
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First METHOD 


The procedure for the first method was that described in detail by Ken- 
nard.* The total ion current, as indicated by the galvanometer, was kept 
constant while data were taken for a set of 5 curves at a single accelerating 
potential. Each curve of the set shows the variation of electrometer current 
with magnetic field current for a particular pressure. Examples of the 
curves so obtained with lithium ions in mercury vapor are shown in Figs. 
2 and 3. They are in most cases symmetrical about the same value of mag- 
netic field current—indicating that the ions do not lose speed in these cases. 

Peak values were used in computation, although the whole curve was 
always taken to make sure that unnoticed changes in magnetic field or 
accelerating potential had not influenced the peak values. Several sets of 
curves for different pressures were taken for each accelerating potential. 
Each set contained 5 curves and gave 10 combinations of two pressures each, 
from which independent determinations of the absorption coefficient were 
made. A short derivation of the absorption equation follows: 














Qo Q 
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Consider a column of gas 1 cm? in cross section and X cm long, with 
P,N/760 molecules per cc. Let its X dimension be along the x-axis and let 
it be traversed in the x-direction by Q positive ions. —AQ is the number of 
ions removed in distance AX. (R,+R:2) is the greatest distance between 
ion-center and molecule-center which will cause absorption as the ion passes 
the molecule. In distance AX the fraction of unit area which will cause 
removal of an ion is P;N2(Ri+R:)?AX/760. This is the probability that an 
ion will be “absorbed.” For Q ions, an integration gives: 


Q1 =Qoe7P Fil #N (R+R 4) 1/760, 


The absorption coefficient is here called A+ and is: 
At = [Nx(Ri+R:)?}- : 


It corresponds to the mean free path of the kinetic theory and here means 
that an ion would probably travel a distance A+ cm in the gas at atmos- 
pheric pressure without coming within (Ri +R:2) cm of a gas molecule—center 
to center. 

According to this absorption equation for a curve at pressure P: 


1 =Qoe7P1¥1/7600* (1) 


in which Qp is the total ion current as read by the galvanometer in series 
with the accelerating potential. This is maintained constant for the whole 
set at a particular voltage. Q, is the peak value of the electrometer current 
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and X;, is the length of the absorbing path. For a second curve at higher 
pressure: 


Qe =QpeP 2X 1/7600" - 
Hence 
Qo/Qy = e-X (PP 3) /760* 
_ x1(P2— P;) 
760 X 2.3026 logio Qi/Qze 


A+ 





(3) 


Equation (3) refers to absorption in which an ion is removed completely 
from the bundle when its center comes within the distance (Ri +R:) cm of 
the center of a gas molecule.* 

Ten values of A+ were calculated for each set of 5 curves taken in this 
way and the average taken as one determination of mean free path. Curve 
Fig. 5 shows how the observed values from Fig. 2 agree with the true exponen- 
tial calculated from the average A* deduced as explained above. 
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Five sets at a velocity of 25 volts gave for A+ X 105 the values: 2.56, 2.64; 
2.92, 2.81 and 2.71; with an average of 2.74. These observations were with 
a single source. Similar observations at 50 volts with two separate ion 
sources gave for A+ 105: 3.54, 3.32, 3.86, 4.39, 4.32, 4.49; with an average of 
3.98. At 100 volts two series of curves gave \+ X 10° =4.40 and 4.17 with an 
average of 4.29; at 200 volts one series gave A+ X 10° =5.4. 

The values of r(Ri+R:)? which may be called the effective cross-section 
are plotted in Fig. 6, marked I, for various voltages. If the lithium ion 
radius is taken as that of the helium atom and one uses the values from 
viscosity measurements, Ru.=1.09A, Ru, = 1.82A; r(Rit+R2)* = 26.6 X10-™. 
If the radius of the Lit is taken as Ramsauer takes it from crystal lattice 
values Rii+ = 0.41A; 7(R: +R)? = 15.6 X10-*. These values are shown by the 
horizontal broken lines of Fig. 6. 


* Note appended. 
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This curve seems to indicate that the ionic radius approaches the kine- 
tic theory value (viscosity) at low voltage, as do the data of Durbin,® Thomp- 
son, and Kennard who worked with almost indentical apparatus in this 
laboratory. Ramsauer’s interpretation of his experiments,? on the con- 
trary, indicates that the radius sum approaches the crystal-lattice-value for 
the radius of the alkali ion at high voltage and increases as the speed is 
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reduced. A modification of the experiment so far described gives experi- 
mental evidence tending to show that this discrepancy is due to the fact 
that these experiments are in general dependent on the dimensions of the 
apparatus; so that no absolute theoretical significance may be ascribed to 
the R; and R; deduced. The “opposing cross-section” deduced from this 
type of observation depends not only on the gas, the ion used and its velocity, 
but also on the dimensions of the apparatus used in making the observations. 


SECOND METHOD 


In a second set of experiments two coaxial Faraday cylinders Fi, F, 
were used as shown in Fig. 1. These were connected so that the whole of the 
positive ion stream Q) entering from the analyzing chamber could be meas- 
ured. The lower one was then earthed and only a few seconds later the 
part escaping absorption through a distance equal to the length of the lower 
cylinder (10 cm) was measured by the same electrometer. The apparatus 
‘gave zero absorption at “zero” pressure, that is, with liquid air on trap T 
as well as on T’’, Q:=Q or the electrometer current to the top cylinder alone 
is as large as it is when both are connected together and to the electrometer. 

The experimental arrangement was originally devised to give a pure 
source of lithium ions. With this apparatus it was not necessary to alter 
the pressure and the apparatus was in equilibrium for days before readings 


* Curves in Fig. 8. 
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were taken. The absorption coefficient was obtained from the following 
equation. 


Q1=QoePX/7600* | 


Where both Q; and Qo are direct electrometer measurements. Values of 
a(R, +R:)* taken from these data are plotted on the curve in Fig. 6, marked 
II. It is seen that this value is much smaller than that obtained by the pre- 
vious method, and in order to make sure that this difference was not due to 
low pressure in the apparatus, data were taken first by the second method 
and then by the first, raising the pressure and using the two Faraday cylin- 
ders coupled together as the collecting electrode. In this way it was possible 
to check from one curve to the other as shown by the bracketed points in 
Fig. 2. Repeated checks, between which the apparatus was baked to restore 
it to the lower pressure and left for more than 24 hours in order to come to 
equilibrium at the low pressure, showed that the apparatus still behaved 
normally with the first method. These checks always gave even larger values 
of r(Ri+R:)? by the first method than previously obtained. As will be 
explained below this may be attributed to the added collimating slits in 
front of the second absorption chamber, for although X is corrected for the 
distance between these it cannot be corrected for the fact that they are of 
smaller cross-section. Their effect is to decrease the angular aperture of the 
apparatus and to increase the observed 7(Ri+R:2)?. 

The difference in the two series of observations indicates that the ab- 
sorption is largely a small-angle scattering phenomenon rather than one of 
neutralization or scattering in which an ion when deflected is thrown com- 
pletely out of the bundle. The dimensions of the absorbing Faraday cylinder 
(3 cm diameter) in Method II are much greater than those of the armature 
slot (0.3 X 2) in which the absorption occurred in the first method. One would 
expect a smaller 7(R,+R,)? with the larger absorbing chamber because 
a smaller part of the scattered cone of rays is intercepted. Values of (Ri 
+R,)* taken with Method II, using an absorbing Faraday cylinder of smaller 
diameter were intermediate between those shown in Fig. 6 for the first and 
second methods. 

A further evidence of scattering is found in the fact that for any pressure 
there is a voltage below which the peak electrometer-current drops to al- 
most zero-no matter what the intensity of the ion current. The curve in 
Fig. 7 shows for a pressure 9X10-§ mm Hg the variation of peak electro- 
meter-current with accelerating potential—the total to the first slit being left 
constant. There is a sudden change in the curve at 18.6 volts, the number 
of ions reaching the second slit at 17.2 volts being less than half that at 
18.6. This suggests that there is a rapid variation in the small-angle scattering 
with the velocity of the ion at these low velocities. For higher pressures the 
velocity of the ions at which the rapid increase in scattering occurred was 
higher; and for lower pressure, lower. This means that as the pressure is 
increased a point is reached where practically none of the slow ions can 
make their way through the distance to the second slit without suffering a 
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deflection greater than the small amount required to throw them to one 
side of the opening of the second slit. 

In Ramsauer’s experiments? the absorption takes place at the slits whereas, 
in these it occurs largely at the walls of the long narrow armature slot. This 
and the smallness of his apparatus show why he was able to work at lower 
accelerating potentials than is possible with this apparatus with light ions. 
If the force producing scattering is electrostatic it follows that the slower 
the ions the longer the time during which this force is operative and the 
greater the distance between electric centers for an angular deflection 
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great enough to throw the ion out of the next aperture. Also the smaller 
the next aperture the greater the distance between electric centers at 
which an ion will be deflected just enough to be caught on the edge of the 
slit. It seems therefore, that the observed “effective cross-section of an ion” 
depends both on its velocity and the dimensions of the absorbing apparatus. 
Ramsauer,!® Durbin, Kennard, Thompson and the author have observed 
this dependence on velocity. This experiment gives definite proof of the 
dependence of the effective cross-section on the dimensions of the absorbing 
apparatus for Li ions in Hg vapor. It seems therefore that absorption is, 
in this case largely due to scattering. 


10 Ramsauer, however indicates that the “effective cross-section” approaches a constant 
value at about 16 volts. Durbin’s data (reference 1) show that this is not the case. As Durbin’s 
curves were taken with a larger apparatus than Ramsauer’s, the numerical values would not 
be expected to check, although the general form of the curve would be independent of the 
apparatus. 
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In the case of analogous experiments on electrons, the agreement of 
Mayer’s® and Ramsauer’s‘ values for the absorbing cross-section showed 
that when an electron was deviated at all it was thrown completely out of 
the bundle. This conclusion was necessary because the angular aperture of 
the collecting chamber was much greater in Mayer’s experiment than in 
Ramsauer’s and small deviations if they had been present would not have 
decreased the intensity with Mayer’s apparatus, while they would have 
thrown the electron out of the beam in Ramsauer’s. The present experi- 
ments show that small-angle scattering does occur in the case of light rela- 
tively slow positive ions. 
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The author is indebted to Professor Dempster for the following analysis 
of the scattering to be expected with two different laws of force at collisions, 
showing the relative importance of small-angle scattering for these laws. 

The formula (3) was deduced on the hypothesis that a collision resulted 
in an ion being removed entirely from the original beam either by neutraliza- 
tion or deflection through a large angle. If the ions are deflected through 
small angles at a collision we have a more complex relation for the number 
removed from the bundle, which depends fundamentally on the size of the 
collecting chamber, that is, the angle through which an ion must be deflected 
to be removed from the beam. With any law of angular scattering at a col- 











Fig. 9. 


lision we may theoretically deduce the weakening of the bundle to be ex- 
pected in any particular apparatus. Let us consider an infinitely narrow 
bundle of rays AB which may be scattered by a gas during its passage 
through a distance x;. We observe the number that enter a circular aperture 
of radius zo, and the decrease in number as the first traces of gas are intro- 
duced. Assuming first the law of elastic collisions we see from Fig. 9 that the 
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angle of deflection ¢ is connected with the sum of the two radii a= (R: X Re) 
and the distance c by the relation cos (¢/2) =c/a. When gas is introduced 
gradually, the absorption at the lowest pressures must be due to single 
scattering from a beam of ions of almost constant strength. 

In traversing a length of the path from x+Ax to x the number making a 
collision such that c is between c and c+Ac is Qn2acAcAx where Q is the num- 
ber of ions in the beam and 7 is the number of molecules per cc. This number 
may be expressed in terms of ¢ by the relation c=a cos (¢/2) giving Qn27Axa 
cos (@/2) -(a/2) sin (6/2)A¢ and also in terms of z and x, since ¢=tan7(z/x). 
Thus 


9 


: z x 
Qu2e — As —————_ ———_ As 
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is the number scattered to the ring between z and z+Az. From the whole 
path, x, we obtain by integration over x, the number 
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The number scattered outside a circular opening 2p is: 


a? co ) - a? ; 

2nn 1 ——————__ } dz = Q2 x2 — 2—(z? x2) 1/2 , 

Q — } 
+ 20 (s? sh x7) 1/2 4 








9 


a? 
=Q2an— [a0?+ a1’)'?— 20] 


a’ Zo" 1/2 
=Q2mn —|{ x1} 1+ —Zo}- 
4 x? 


In addition a number equal to }Qna*x, is scattered at angles greater than 
180°. Since m is proportional to the pressure, we have for small pressures 
(1/2) (AQ/AP) = —constant (2x,—20). In general zo is small compared to 














Fig. 10. 


x1; in method II it was approximately 1.5 cm: 10 cm. We see that altera- 
tions in the opening of the collecting chamber have practically no effect 
on the rate of absorption observed. This is apparently the type of atomic 
force that comes into the absorption or scattering of slow electrons. 

A different behavior is to be expected if a different law of atomic force 
is assumed. As an example, if the angle of deflection ¢@ depends on the per- 
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pendicular distance c from the atom to the trajectory of the ion according to 
the law cot ¢6=c/b for c<(Ri+R:2) we may write the number scattered from 
a distance Ax at angle @ as before equal to Qn2mcAcAx=Qn27Ax b cot ¢ 
-bcsc? d Ad = Qn2rb*Ax - (x/2) - (x?+-27)/2?-xAz/(x?+2?). The number scat- 
tered from the whole path (0 to x;), outside of a circular opening of radius 2» is 


On2rb?x,3/3 f Az/2? =Qn2rb?x;3/62¢2 - 
20 


This gives an absorption equation for small pressures, 


1 AQ 1 

— ——=-— constant: b?-— - 

Q AP Zo" 
For small values of ¢@ the law of atomic scattering assumed above agrees 
with the inverse square law between the nuclei in which 0 is inversely propor- 
tional to the square of the velocity. If the law of force is of this type, we see 
that the rate of absorption observed is determined primarily by the aperture 
of the collecting chamber, 29, and is also much less for high velocities than 
for low. 

The present experiments show a strong dependence of the absorption 
observed on the aperture of the collecting chamber used and also a decrease 
of the absorption coefficient with high velocities, although not so rapid a 
decrease as would be required by the law of force just discussed. 


Note added in proof. In the derivation of Eq. (13) it was assumed that 
all ions suffering single scattering were removed from the bundle. If however 
the absorption is due to small angle scattering, an ion may suffer more than 
one collision, depending on the ratio of the distance traversed x to the free 
path A, and finally attain only a slight deviation from the original bundle. 
As the pressure is increased multiple scattering becomes important and a 
Gaussian distribution about the original bundle is finally established.“ At 
the highest pressures used in these experiments x is less than 2.5A™, and the 
exponential decrease required by Eq. (1), continues to hold up to pressures 
of this magnitude, as is shown by the curve of Fig. 5. 


The author remembers with pleasure the kindly interest of Professor A. J. 
Dempster during the experimental work and in the preparation of this 
paper. 


! Bothe, Zeits f. Physik 4, 161, 300 (1921). 
12 See Fig. 6, curve marked I. 
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ADSORPTION OF AIR ON GLASS AS A 
FUNCTION OF TEMPERATURE 


By A. S. ADAMS 
UNIVERSITY OF CALIFORNIA, BERKELEY 


(Received October 22, 1929) 


ABSTRACT 


With a method previously described, the adsorption of air on glass is measured 
as a function of temperature. If the temperature be increased, it is found that the 
thickness of the adsorbed layer as measured by this method, decreases slowly. The 
rate of this decrease in thickness is not as great as was previously found when the 
adsorption of air on rock-salt crystal was measured under the same conditions by 
the same method. It was further found that there was an “ageing” effect of adsorption 
of air on glass. 


RECENT paper by J. H. Frazer! describes the results of an optical 

study of adsorbed films of water vapor and methyl alcohol on glass. 
Another paper? by the same author gives the results of asimilar study of the 
adsorption of air and water vapor on rock-salt crystals, under varying con- 
ditions of temperature. In a discussion of the work with Dr. Frazer, it was 
decided that it would be worth while to study the behavior of adsorbed films 
on glass under varying temperatures. It was felt that the data obtained from 
such an experiment would be helpful in correlating the results previously 
obtained by the method. 

The apparatus used was the same as that previously described for the 
work on rock-salt. Bits of Pyrex glass were cracked to give plane, uncon- 
taminated surfaces. The specimen of glass obtained was put in the apparatus 
as soon as possible after preparation, and the whole apparatus was evacuated 
to a pressure of the order of 10-*mm. It is interesting to note that the stabil- 
ity of ellipticity with change in pressure, described by Frazer, was not 
found in this work when the glass was exposed for a relatively long time 
to the air. In one case, the specimen was in contact with the air of the labora- 
tory for five days. At the end of this period, the ellipticity of polarized light 
reflected from it was 0.013. Upon evacuation to a pressure of the order of 
10-* mm however, the ellipticity became 0.0115. However, this change in 
ellipticity was not noted when the time between preparation of specimen 
and evacuation of the vessel containing it was in the neighborhood of fifteen 
minutes. This verifies the previous conclusion that the adsorption measured 
by this method is not by any means the nearly instantaneous phenomenon 
to be expected on general considerations of kinetic theory. It may indicate 
that the adsorption is due to some relatively rarer constituent of the at- 
mosphere. 


1 J. H. Frazer, Phys. Rev. 33, 97-104 (1929). 
2 J. H. Frazer, Phys. Rev. 34, 644-648 (1929). 
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In order to determine the effect of temperature on the adsorption of air 
by glass the apparatus was heated in stages to 290°C and readings taken 
under equilibrium conditions. The curve below, Fig. 1, shows the elliptici- 
ties recorded for this range of temperature. Since the thickness of the ad- 
sorbed layer is roughly proportional to the ellipticity, this curve may be inter- 
preted to show in a general way the change of thickness of the adsorbed 
layer with the temperatures given. 

The curve shows the same general trend as that given by Frazer for the 
adsorption of air by rock-salt. However, it is not as steep, and there is a 
rather definite plateau in the region from 100°C to 250°C. According to 
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Fig. 1. Adsorption of air on glass. Ellipticity as function of temperature. 


Sherwood,’ this is the range of maximum desorption of water vapor from 
G-702-B glass, a material which is not unlike Pyrex in composition and 
properties. It is not unreasonable to believe that in this temperature range 
there will be an increased density of water molecules in the immediate 
neighborhood of the surface, due to desorption, and that this increased den- 
sity keeps the ellipticity at a nearly constant value. 

It is appreciated that this work should be extended to higher temperatures 
in order to provide a comparison with the work previously done by Lang- 
muir, Sherwood, and others on the quantitative analysis of gases given off 
by heated glass. It is hoped that such an extension of the work may soon be 
undertaken. 

In conclusion, the author’s sincere thanks are to be expressed to the 
Physics Department of the University of California for making it possible 
to carry out the work; and to Dr. J. H. Frazer for his invaluable assistance 
and the generous loan of apparatus. 


*R. G. Sherwood, Journ. Am. Chem. Soc. 40, 1645 (1918); Phys. Rev. 12, 448 (1918). 
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THE MAGNETIC BEHAVIOR OF NICKEL AND IRON 
FILMS CONDENSED IN VACUUM UPON VARIOUS 
METAL BACKINGS* 


By J. H. Howey 
Puysics DEPARTMENT, YALE UNIVERSITY 


(Received October 28, 1929)** 


ABSTRACT 


The magnetic nature of evaporated iron and nickel films deposited on various 
kinds of backings was investigated to determine the effect of the two-dimensional 
strain which the backing must impose upon the film due to differential thermal 
contraction. The films were, of necessity, deposited at elevated temperatures and 
measured at room temperature. The temperature of deposit was varied. Nickel 
samples deposited on backings which place the film under tension were found to be 
extremely hard, magnetically, while compression madethe filmcomparatively soft. The 
magnetic intensity of iron samples in general was not changed markedly by these 
stresses. All the samples were harder than bulk metal. The method used to describe 
the results shows that films deposited at higher temperatures are more like annealed 
bulk metal, rather than less so as others have concluded. Extreme precautions were 
taken to deposit the films under gas free conditions so that it was possible to be sure 
that the abnormal hardness of films deposited at ordinary temperatures was due to the 
different manner in which the metal condenses and not due to the presence of gas. A 
novel arrangement of the magnetizing coil of a sensitive astatic magnetometer used 
for the magnetic measurements is described. 


INTRODUCTION 


HE work of Edwards' and Miller? has shown that films of iron and nickel 
deposited upon aluminum foil by evaporation from a hot wire are very 
hard magnetically as compared to these metals in the usual form. The 
hardness was found to depend upon the temperature at which the films were 
deposited. Both of these workers interpreted their results to-mean that the 
films deposited at the higher temperature were more abnormally hard, but 
it would be surprising if that were true in view of the usual effect of annealing 
on the magnetic behavior of bulk metals. All their films were deposited on 
aluminum backings at elevated temperatures (100° and 200°C) and were 
measured at room temperature. A simple calculation would lead one to 
expect that, under these circumstances, the nature of the backing might 
influence the magnetic behavior of the film by virtue of the strain in two 
dimensions which the backing imposes upon the film as the two contract 
at different rates in cooling from the temperature at which the deposit was 
made. The work here described was undertaken to determine to what ex- 
tent the magnetic behavior of films deposited on various metals was affected 
* Part of a dissertation presented for the degree of Doctor of Philosophy at Yale University. 

** This paper was completed August 1, 1929. 


1 R, L. Edwards, Phys. Rev. 29, 321-331 (1927). 
2K. J. Miller, Phys. Rev. 32, 689-690 (1928). 
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by these certainly existing strains. The temperature of deposit was extended 
over as wide a range as feasible and some of the samples were measured at 
a temperature of 100° C as well as at room temperature so that the temper- 
ature at the time of measurement would approach the temperature at which 
the film had been deposited. 


PRODUCTION OF FILMS 


The evaporating tube in which the films were deposited was designed to 
make it posssible to secure far better vacuum conditions than previous 
workers have obtained. This was desirable in order to be certain that the 
abnormal properties of the films could not be attributed to the presence of 
gas at the time of deposit. The tube was 4.5 cm in diameter and 25 cm long, 
and was made entirely of Pyrex glass without any waxed or greased joints. 
This not only eliminated undesirable vapors in the interior of the tube but 
also made it possible to bake out the entire tube at a temperature of 500° C 
by surrounding it with a furnace. A filament (iron or nickel wire) 12 cm 
long was stretched lengthwise through the center of the tube. Flat strips 
of various metals 1 cm wide and 6.5 cm long were arranged symmetrically 
about the filament so that the metal evaporating from the electrically heated 
filament would condense upon the inner face of the strips. The ends of the 
strips were covered so that the actual length of the ferromagnetic sample 
deposited upon the strip was 4.5 cm. Three samples were thus deposited 
simultaneously from one filament. A slotted metal cylinder surrounding 
the filament was provided to cover up the metal strips until conditons were 
suitable and steady for beginning the deposit at which time the shield was 
turned by an outside magnetic control so that the strips were exposed to 
the filament. 

Access to the interior of the tube was secured by cracking the glass com- 
pletely around at one end of the tube. After new strips were fixed in place, 
the tube was fused together again, and the tube was then connected to a 
vacuum system having a two-stage mercury diffusion pump and a liquid 
air trap. By thoroughly baking the entire tube out before each deposit, 
it was possible to keep the pressure so low that it would not register on a Mc- 
Leod gauge at the time of depositing the film, indicating a pressure of the 
order of 10-* mm of mercury. The strips upon which the films were deposited 
were heated by radiation from the filament and the temperature at the time 
of deposit was varied by using filaments of different designs. The tempera- 
ture of the strips for a given type of filament was determined by a thermo- 
couple. 

Films of nickel and iron were deposited upon backings of aluminum, 
copper, platinum, and molybdenum. These particular metals were chosen 
because of the range of the values of their coefficients of thermal expansion 
which are listed in the first column of Table I. In the second column are 
given the calculated values of the strain imposed upon the film by the back- 
ing per 100° C fall in temperature, assuming that the film was deposited 
upon the backing under no strain at a high temperature and allowed to cool. 
A negative sign indicates that the film will be subjected to a compressive 
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TABLE I 
Stress to produce equal 

Linear coefficient of Strain per 100°C strain in nickel wire 

expansion per 1°C in nickel film (dynes/cm?) 
Ni 12.8107 
ke 11.7 
Al 23.0 —10.2x10~ —22.6x 108 
Cu 16.6 — 3.8x10- — 7.7X108 
Pt 8.9 + 3.9x10- + 7.9x108 
Mo 4.0 + 8.8x10- +17.8x108 

Tensile strength of Ni Wire 53.0108 dynes/cm? 











stress, while a positive sign indicates tension. The stresses required to pro- 
duce equal linear strains in a nickel wire are given in the third column for 
comparison. 

MAGNETIC MEASUREMENTS 


Before measurement, the films were demagnetized by placing them in an 
alternating field which was decreased from a value of 300 gauss to zero. 
Magnetization curves were then obtained by a magnetometric method. 

A high sensitivity magnetometer was constructed and used to make the 
magnetic measurements. It was of the null astatic type developed by 
Bozorth® and the reader is referred to his paper for an extended discussion 
of this type of magnetometer. As in the instrument described by him the 
specimen was placed beside the astatic pair, but a new arrangement of the 
magnetizing coil was used. The astatic pair and the specimen close beside 
it were arranged in the interior of a large vertical solenoid in such a way that 
the astatic pair was at the geometrical center of the solenoid while the sus- 
pension of the astatic pair coincided with the axis of the coil from the center 
up. Since the field at the center of the solenoid was uniform it exerted no 
torque on the astatic pair for any value from zero to the maximum field 
used to magnetize the specimen. This arrangement made it possible to place 
the specimen closer to the astatic pair which gave higher sensitivity and al- 
lowed an abundance of room for manipulating the specimens without de- 
forming them in any way. It also served to decrease the zero shift which 
appears in this type of magnetometer due to the motion of the wires of 
the magnetizing coil expanding as the current heats them up, because the 
wires are farther removed from the astatic pair. Since the magnets of the 
astatic pair were to be used in the transverse field of the magnetizing sole- 
noid, they were made of K. S. magnet steel and were strongly magnetized in 
a longitudinal field of 7000 gauss. They were matched by grinding on a fine 
carborundum wheel so that their longitudinal magnetic moments were equal 
after each had been placed in a transverse field of 200 gauss and subjected 
to enough reversals of the field to reach a steady state. In that condition, 
fifty reversals of the transverse field would produce no observable change in 
the remaining longitudinal moment, regardless of the final polarity of the 
transverse field. 

In practice the zero position of the astatic pair was not entirely indepen- 
dent of the magnitude of the magnetizing field for fields above 100 gauss, 


3 R. M. Bozorth, Jour. Opt. Soc. Amer. 10, 591-598 (1925). 
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so that a correction graph had to be plotted. The magnetometer gave a 
normal shaped curve for a sample of No. 40 nickel wire and from that curve 
the calibration constant of the magnetometer was determined. While such 
a determination was approximate and somewhat arbitrary, it was satisfac- 
tory since only comparative values were of importance in this work. 

Most of the films measured were between 100 and 300my in thickness. 
The thickness was usually determined by weighing but in some cases the 
saturation value of the magnetic intensity was used to determine the thick- 
ness. The probable error in the determination of the thickness of such thin 
films was in the neighborhood of seven percent but this uncertainty was 
tolerable because conclusions could be drawn from comparisons of the shapes 
of the various curves rather than from numerical values of the intensity of 
magnetization at corresponding field intensities. 


RESULTS AND DISCUSSION 


The results for nickel films will be considered first. In all figures T stands 
for the temperature of deposit, D for the thickness of the film, H for the 
magnetizing field in gauss, and J for the magnetic intensity in gauss. In 
Fig. 1 the full line curves are magnetization curves for three samples deposi- 
ted upon backings of aluminum, copper, and molybdenum as indicated by 
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Fig. 1. Magnetization curves of nickel films on various back- 
ings measured at room temperature and at 100°C. 


the letters accompanying the curves. They were deposited at a tempera- 
ture of 210° C and measured at room temperature. If the effect of the stress 
on the magnetic nature of the sample increases in magnitude as the stress 
increases and depends4n sign upon the sign of the stress as we may expect 
from the known properties of bulk nickel, then the curve for a sample which 
was under no stress due to differential thermal contraction should, according 
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to Table I, lie between the Cand M curves. The dashed curves are the mag- 
netization curves taken with the sample at a temperature near the boiling 
temperature of water, provision having been made to heat the sample by 
means of a flow of steam while it was in the magnetometer. At that tempera- 
ture the stresses on the films should be partially relieved. The relative posi- 
tions of the curves indicate that if the stresses were removed entirely the 
curves for all three samples would nearly conicide and lie between the C 
and M curves. The results for nickel films deposited at various other tem- 
peratures and measured at room temperature are shown in Fig. 2. The 
relative position of the curve P, Fig. 2c, which was obtained from a sample 
deposited upon a platinum backing gives further evidence that relative 
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Fig. 2. Magnetization curves of nickel films deposited at various temperatures upon 
backings of aluminum, copper, platinum, and molybdenum. 


thermal contraction is the determining factor in the influence of the backing. 
It can be seen that the relative effects of the backing upon the magnetic 
hardness of the film are in complete qualitative agreement with the relative 
stresses exerted bythe various backingsfor all four materials used as backings. 

It will be observed in Figs. 2d, 2e, and 2f that, while the curve A for the 
sample on aluminum reaches saturation at a lower field than does the curve 
C for the corresponding sample on copper, in general agreement with the 
other samples, still the first part of the curve A lies decidedly underneath the 
curve C. The peculiar square shape of the curves for samples on aluminum 
which is found when the temperature of deposit is high is probably due to 
some result of the compression other than a simple uniform strain in the 
direction of the stress, such as a buckling of the film due to imperfect ad- 
hesion. In general one may speculate that any such effect would be greater 
the thinner the film, whereas the effect of a uniform strain in the direction of 
the stress, that is in the plane of the film, would not vary much with thick- 
ness. On this hypothesis, the curves shown in Fig. 3 may be taken to verify 
the fact that the films on copper are in a state of comparatively simple strain 
while those on aluminum, deposited at this high temperature, have developed 
some complexity in their strain, either due to the excessive compression to 
which they are subjected or to less perfect adhesion between the film and its 
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backing. Without digressing farther on this point we may at least con- 
clude that for moderate temperatures of deposit, and therefore for moderate 
stresses, a film of nickel which is deposited on a backing which places the 
film under tension as it cools will be extremely hard magnetically, while one 
deposited upon a backing that places it under compression will be compara- 
tively soft. This is analogous to the effect of a one-dimensional stress in 
the direction of the magnetic field in the case of bulk nickel. There tension 
makes the nickel much harderto magnetize while compressionfavors magneti- 
zation. 

The influence of the temperature of deposit is obvious from a compari- 
son of the curves for films deposited at various temperatures with the curve 
N, Figure 2f, which is given by Ewing‘ for bulk nickel. The samples deposi- 
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Fig. 3. Peculiar effect of thickness on the magnetic nature of nickel films de- 
posited upon aluminum backings at a high temperature. 


ted at higher temperatures are clearly more normal in their magnetic be- 
havior, that is they are more like annealed bulk metal rather than less so 
as Edwards.and Miller concluded. These previous investigators made use 
of hysteresis loops instead of magnetization curves to show the magnetic 
state of their samples, and based their conclusion upon the numerical values 
of the coercive forces and upon the areas of the loops. In so doing they over- 
looked the fact that the nature of the hysteresis loop may be taken as a 
distinguishing characteristic of a sample only when the maximum field ap- 
plied is large enough to produce approximate saturation. Otherwise the 
nature of the loop depends markedly upon the maximum field applied. A 
comparison of the hysteresis loops given in Fig.4 with the magnetization 
curves for the same three samples given in Fig. 1 shows that with a limited 
magnetizing field and hard samples there is no logical correlation between 
large coercive force and great magnetic hardness. The results of Edwards 
and Miller, interpreted with this in mind are not in disagreement with the 


‘J. A. Ewing, “Magnetic Induction in Iron and Other Metals,” 3rd edition (1900), p. 87. 
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results found here where a wider range of temperatures of deposit has been 
used. 

The results of the measurements made on iron films are shown in Fig. 5. 
In Fig. 5a the curves F-h and F-s are typical magnetization curves for hard 
and soft iron respectively, taken from Ewing.’ The other symbols have 
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Fig. 4. Hysteresis loops corresponding to the magnetization curves given in Fig. 1. 


the same significance as in the previous figures. It is obvious from these 
curves that the iron films which were deposited at higher temperatures were 
softer and more like bulk metal in their magnetic behavior as was the case 
with nickel, but here there is no positive consistent evidence as to the wav 
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Fig. 5. Magnetization curves of iron films deposited at 
different temperatures on various metal backings. 


in which the nature of the film depends ugon the material of the backing. The 
broken line curves of Fig. 5d are the magnetization curves of the same three 
samples for which the full lines obtain at room temperature, taken with the 
samples at a temperature of approximately 100°C. Contrasting the effect 


5 Reference 4, p..81. 
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of stress on the magnetic properties of bulk iron with corresponding effect 
for nickel we see that this result is not surprising. For iron, the magnitude 
of the effect is less and there exists the Villari reversal point somewhere 
along the curve where the effect changes sign. This point may lie almost 
anywhere along the curve depending upon the amount of stress applied and 
upon the hardness of the unstressed sample. The samples here compared 
varied widely in either one or both of these respects. 

The difference between the results for the two metals makes it impossi- 
ble to attribute the decided influence of the material of the backing observed 
in the case of nickel to the chemical nature of the backing metal. Such chem- 
ical differences as exist would presumably affect films of both metals in the 
same way since they are chemically much alike. It is also impossible to note 
any correlation between these results and the relative lattice spacings in 
crystals of the metals involved. It seems logical to conclude that the differ- 
ences observed with different backings, large in nickel films and small in 
iron films, are almost exclusively due to differential thermal expansions and 
that the general hardening as compared with bulk metal in both nickel and 
iron is due to something else. 

It can be seen from these measurements that unless films of iron and nickel 
are deposited at temperatures considerably above 100° C they are so abnor- 
mally hard that the field strengths ordinarily available in magnetometers 
will not permit tracing much of their magnetization curves. To make cer- 
tain that this abnormality in films deposited at low temperatures was not 
due to a surface layer of gas which persisted through the ordinary baking 
out, the evaporation tube was altered so that one of the strips could be 
brought to a red heat by electronic bombardment in addition to the usual 
baking out of the entire tube. It can be seen that the sample of iron depos- 
ited immediately thereafter upon this backing (curve M3, Fig. 5b) does 
not differ much from other samples deposited at the same temperature 
showing that all the backings were so well baked out that what gas remained 
there had little effect upon the results. As a further test for influence of 
surface conditions film 1/2 was deposited upon a backing of molybdenum 
with an etched instead of the usual polished surface. 

Without going far afield to discuss the possible mechanism of the influ- 
ence of the temperature of deposit upon general magnetic softness, which is 
undoubtedly connected with the relative perfection of crystal structure, 
as others have suggested, it is of importance to note that this range of de- 
positing temperatures, which was wide enough to cause extreme difference 
in the magnetic behavior of the samples and presumably in their crystal 
structure, was secured merely by regulating the energy input of the fila- 
ment, and without any special provision for heating or cooling the samples. 
It seems likely that some of the apparent disagreement as to whether films 
condensed from vapor are well crystallized or not® would disappear if the 
temperature of the surface at the time of their deposit had been recorded. 

The writer is deeply indebted to the faculty of the Physics department 
of Yale University, particularly to Professor L. W. McKeehan who suggested 
the problem. 


6 Sophie Dembiriska, Zeits. f. Physik 54, 46-52 (1929). 
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IS IT POSSIBLE TO DETERMINE THE PIEZOELECTRIC 
CONSTANT AT HIGH TEMPERATURE BY THE 
STATICAL METHOD? 


By R. D. SchHuLWAS-SOROKINA 
STATE PHysICAL TECHNICAL LABORATORY, LENINGRAD 


(Received July 1, 1929) 


ABSTRACT 


It is suggested that the measurements of the variation with temperature of 
the piezoelectric effect in quartz and Rochelle salt are probably not reliable because 
of failure to take into account the effect of the electrical conductivity of the crystals. 


N 1927 there appeared an article by L. H. Dawson! in which the author 

tried to determine the dependence of the piezoelectric effect upon the 
temperature. He observed a sharp fall of the piezoeffect at temperatures 
as low as 400°C. A similar result was obtained by J. Valasek*? for Rochelle 
salt: beginning at a temperature of 25°C the piezoelectric modulus diminishes 
rapidly. 

The conclusion might be drawn from both these papers that the behaviour 
of the piezoelectric effect is like the behaviour of the magnetic susceptibility 
of ferro-magnetic bodies, i.e. that this effect is somewhat similar to the 
Curie point. But it would be a scarcely probable conclusion from the point 
of view of the crystal-lattice theory. As for quartz, it is known that its 
transformation from the a to the 8 modification occurs at the temperature of 
573°C. Below this temperature one could expect the presence of the piezo- 
electric effect, and there is no reason to suppose that this effect differs 
much in value from that occurring at room temperature. No data exist at 
present concerning changes of the crystal-lattice of Rochelle salt crystals. 

The author undertook this investigation of the relation between the 
piezoelectric modulus of quartz and the temperature by the same electro- 
metric method as employed by Dawson in order to discover the causes of the 
results obtained by him. 

Measurements were made with two different electrometers. Curve I 
(Fig. 1), obtained with the binant-electrometer is quite similar to the Dawson 
curve; curve II is obtained with the string-electrometer. 

In regard to the curves obtained (Fig. 1) it is quite natural to ask whether 
the effect observed by Dawson is due to the conductivity of quartz at high 
temperatures. An elementary calculation solves this question. Let us sup- 
pose that the condenser containing the quartz discharges through itself, 
because the electro-conductivity of quartz is known to rise rapidly with the 
temperature.® 


1L. H. Dawson, Phys. Rev. 29, 541 (1927). 
2 J. Valasek, Science 65 (1927). 
* A. Joffé, Ann. de Physique 73, 472 (1923). 
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Let o be the superficial density of charges obtained on the coatings of 
the quartz as a result of the pressure. The potential difference between both 
surfaces is 


@= — (1/n)(do/dt) 


where 7 is the specific electrical conductivity and /] the thickness of the 
quartz. On the other hand ¢=¢/C where C is the capacity on the unit of 
area. Hence 


—(1/n) (do /dt) =4710/e) 


or 
o = ope **/* (1) 


Knowing that »=1/(7.8X10!") mho at T=327°C,47=0.45 cm and as- 


suming that ¢=0.1 sec., i.e. the time necessary for the visual observation of 
the indication of a string-electrometer, we obtain 


o/oo=0.0375 


i.e. the piezoelectric charge at T=327°C during 0.1 second diminishes to 
3.7 percent of its initial value. At 425°C the situation is much worse. The 
conductivity 7 =10-*mho, so even admitting the possibility of using photo- 
graphic registration of indications of string-electrometer, i.e. supposing in 
(1) ¢=0.001 second we obtain 


o/oo=e?§=0.074 


i.e. only 7.4 percent. At this temperature it is impossible to observe any- 
thing visually, because at t=0.1 second ¢/o)~0. 
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However, if Dawson observed any indication of the electrometer, it 
was only because he used a quadrant electrometer which deflected by inertia 
from the. primitive impulse. The measurements made with the string-elec- 
trometer confirm this. (Fig. 1, curve II). 


‘ A. F. Joffé, Bulletin of the Polytechnic Institute of St. Petersburg, Russia p. 112 (1915). 
5 Jahnke und Emde, Funktionentafeln 6 (1928). 
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So it must be concluded that the results found by Dawson for the changes 
of the piezoelectric effect with temperature are caused by the electro-con- 
ductivity of quartz. 

Let us examine the curve of Valasek.? The fall of the piezoelectric effect, 
observed by him, is obviously to be explained by the conductivity. Using 
the value 7 given by Valasek himself* and e obtained by Frayne,’ we obtain 
the values of the piezo-modulus calculated in this way and they are greater 
than those observed by Valasek, but scarcely would it be possible to employ 
n given by Valasek for this purpose. His numbers are less than theactual, be- 
cause he did not consider the e.m.f. of polarization, which doubtless appeared 
at the great tensions employed by him in measurements of electric conduc- 
tivity. A further confirmation of this idea is the remark of the author that 
an increase of conductivity for an alternating current was noted by Frayne 
even at temperatures under +23°C whilst for the direct current he did not 
note it. 

The measurements of the piezoelectric constant of quartz at high tem- 
peratures accomplished in our laboratory by a method in which the elec- 
tro-conductivity does not spoil the measured quantity has given entirely 
different results: the piezoelectric constant of quartz does not undergo skips 
up to the temperature of transformation from a to 8 quartz. 

If we consider now the low temperature range, it is known from the ar- 
ticle by A. Beckmann,’ that the piezoelectric properties of quartz do not 
change at all till 20° abs. In our laboratory the quartz piezoeffect was ob- 
served at the temperature of liquid air, certainly taking precautions as to 
keep dry the quartz surface at this temperature.*® 

All the above mentioned suggests doubts in this rapid change of piezo- 
electric modulus of Rochelle salt which was observed by Valasek at tempera- 
tures under —20°C. And perhaps also there is some external factor which 
distorts the result. 

Finally, I wish to thank Professor N. N. Andréeff for his attention to 
this work and for his valuable council. 


6 J. Valasek, Phys. Rev. 20, 653 (1922). 

7 J. Frayne, Phys. Rev. 21, 355 (1923). 

8 Andréeff, Frédericksz, Kasarnowsi, Zeits. f. Physik 54, 477 (1929). 
* A. Beckmann, Researches of the Leyden Laboratory 1912, 
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ON THE QUANTUM MECHANICS OF CHEMICAL REACTIONS: 
PREDISSOCIATION AND UNIMOLECULAR 
DECOM POSITIONS 


By OscaR KNEFLER RICE! 
UNIVERSITY OF CALIFORNIA, BERKELEY 


(Received September 10, 1929) 


ABSTRACT 

In an ordinary chemical reaction three processes occur: activation, reaction of 
the activated product, and deactivation. These processes can be described quantum 
mechanically and they must all be taken into account. As an example the case of pre- 
dissociation of diatomic molecules is considered. Here activation is by light, and after 
a lapse of time the molecule decomposes. It is shown that, under some circumstances 
which are discussed in detail, the wave function immediately after the excitation by 
light may be completely and correctly described as the wave function of a discrete 
state, which interacts with a continuum. Here the calculation of the rate of dissocia- 
tion previously made by Wentzel applies, with some limitations which are discussed. 
Not all the simplifications which make the case of predissociation easy hold for de- 
compositions of complicated molecules, but something is to be learned by comparing 
the two cases. The perturbations which give rise to the decompositions are of the 
same nature as those which occur in the case of predissociation, but they cannot be 
put into the same equation to give the rate of reaction. The reason for this is dis- 
cussed, as are some of the questions involved in activation by collision. 


INTRODUCTION 


N GENERAL the course of a unimolecular reaction seems to be as follows. 
A molecule is first excited, either by collision with other molecules as 
indicated by the best evidence in the case of thermal reactions,’ or by radia- 
tion in the case of photochemical reactions. The excited or activated mole- 
cule may afterwards either break up, as in the case of a decomposition, or 
undergo a rearrangement or racemization. It is of course to be noted that 
the excited molecule may, on the contrary, be deactivated without reaction 
by subsequent collisions. The above description is typical of unimolecular 
reactions, and defines the class of reactions we shall consider. Note that a 
unimolecular reaction need not always be first order, as exemplified by numer- 
ous gaseous decompositions.’ - 
Let us now attempt to describe the above in quantum mechanical terms. 
The first step, the activation, consists clearly ina quantum transition toa 
state of higher energy. The second step has been described as a quantum 
transition from one state to another state of the same energy.’ Strictly, 


1 National Research Fellow. 

? For general discussion and references see Rice, Comptes rendus Reunion International 
de Chimie Physique (Paris, Oct., 1928), p. 298. 

3’ Langer, Phys. Rev. 34, 92 (1929). See also Oppenheimer, Phys. Rev. 31, 81 (1928); 
Rice, Proc. Nat. Acad. Sci. 15, 459 (1929). 


1451 








1452 O. K. RICE 


however, this description is not entirely accurate. The process of activation 
is truly a quantum transition, induced by external influences or perturbations. 
What happens after activation is in any event a very different sort of transi- 
tion, but it may be treated as though it were quite similar under certain con- 
ditions, which we will investigate. 

In a chemical reaction we are usually unable to isolate the activated 
molecule at all. We say that a reaction has occurred if we are able to distin- 
guish the deactivated reaction products from the substances originally 
present; this will generally be the case if the reaction products cannot be 
brought into statistical equilibrium with the original system without going 
through the activated state inthe reverse way. Thus we are interested in 
those cases in which the molecule in its activated state takes up configura- 
tions from which on subsequent deactivation it goes into a new product. 
Our actual process of calculation may be somewhat as follows. We subject 
the molecule to a perturbation starting at a definite time and acting for a 
certain length of time‘ (the activating perturbation) and at a later time we 
again subject the molecule to a perturbation of finite endurance (the de- 
activating perturbation). We investigate the resulting wave function, 
expanding it in termsofthe stationary eigenfunctions, and from thecoefficients 
of the expansion may be derived the final distribution among the various 
stationary states in the known manner. We do not need to interpret the 
wave function for the intermediate activated state, but in practice it is 
necessary to follow its changes. Now we can follow its changes by means 
of the wave equation, theoretically, at any rate, and some consideration 
has been given this problem; but it must not be forgotten that the whole 
problem includes the finding of the initial condition, i.e., the state immediately 
following the activation; it also includes a consideration of the deactivation, 
but this will not be so important in the cases we shall consider. 

Recently I have pointed out the similarity between the phenomenon 
of predissociation on the one hand, and that of unimolecular decomposition 
on the other.’ It will be interesting, therefore, to apply our process in some 
detail to the case of predissociation, though it will be found that the conditions 
which make the calculation for predissociation easy are not fulfilled for uni- 
molecular reactions, and it will therefore be harder to carry over the results 
than I had at one time hoped; these results, however, will be a valuable aid 
in formulating the problem for the more difficult cases. 


- PREDISSOCIATION 


Predissociation can occur when a molecule can be excited by absorption 
of radiation of a given frequency in two different ways, i.e., by two different 


4 In photochemical reactions the time of illumination generally coincides with the time of 
reaction, and we can at any time measure the amount of reaction that has taken place, usually 
by means of a pressure measurement. We shall, however, in the following have occasion to 
consider the case, which may be rather artificial from the experimental point of view, in which 
the illumination is for a very short length of time, and the amount of reaction is determined 
if deactivation occurs at any subsequent time. This is similar to the case of activation by 
collision. The problem would probably take a somewhat different form if we considered col- 
lisions of molecules and light quanta. 
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electronic jumps, accompanied by the corresponding changes in vibrational 
and rotational quantum numbers.’ As in general one of the electron states 
will have a lower dissociation limit than the other, the continuum corre- 
sponding to the former will overlap discrete vibration-rotation levels of the 
other. Thus a molecule in one of these discrete states (a predissociated mole- 
cule) may be able to go by a radiationless transition to the overlapping 
continuum and dissociate. In this case activation is of course by radiation 
and we shall treat the case where the probability of transition directly from 
the inital state to the continuum is zero; i.e., the discrete state is a necessary 
intermediate. It is obvious that once the molecule is dissociated subsequent 
deactivation will in general leave it dissociated. We wish therefore to find 
the initial state after the absorption of light and then to follow the transition 
to the continuum. 

In the above paragraph we have slipped into the old language in which we 
speak of transitions from one state to another of the same energy; it may 
then be questioned why we do not simply use the calculation already made 
by Wentzel;® and it will be found that Wentzel’s calculation is indeed ap- 
plicable, at least under certain conditions, but the matter js not so simple 
as appears on the surface, and as far as I am aware has never been handled 
in a completely satisfactory manner. The reason for this will be apparent 
on going through the whole calculation. 

In order to present this calculation we will need to proceed to a more 
definite formulation of our problem. We do thisin the same manner as in 
previous work on predissociation.’” It will have been recognized by the 
reader that, if we speak of continuous and discrete eigenfunctions, these 
eigenfunctions will belong to an approximate wave equation which we 
write in the form 


(H—E)y=0 (1) 


where H is the usual Hamiltonian operator and E is the operator (—h/277) 
0/dt. This equation is built up in such a way that it has certain eigenfunctions 
¥z (not including the exponential time factor), with corresponding eigen- 
values Ez, which correspond to discrete states, and others y,, with eigen- 
values E,, which correspond to continuous states.* Now let the exact equa- 
tion be of the form 


(H-—E+V)y=0 (2) 


5’ There may be other cases in which predissociation can occur (see, e.g., Henri and Wolff, 
J. Physique Radium (6) 10, 89 (1929)) but the one considered is typical. 

6 Wentzel, Phys. Zeits. 29, 333 (1928). Wentzel’s calculation was made for the Auger 
effect, but can be applied unchanged to the case of predissociation. (See Kronig, Zeits. f. 
Physik 50, 360 (1928).) Wentzel, Zeits. f. Physik 43, 524 (1927) and Fues, Zeits. f. Physik 43, 
726 (1927) had previously made this calculation in another manner; but the meaning of this 
earlier work is harder to interpret and we will not consider it here. 

7 Rice, Phys. Rev. 33, 748 (1929). 

® We assume (see Ref. 7, pp. 749, 754) that the system is in a box, so that the continuous 
eigenvalues actually form a very close spaced discrete set. 
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where V is a perturbation function or operator. This equation will have 
eigenfunctions y,,’ which have some of the properties of discrete states and 
some of the properties of continuous states; in other words, this equation 
takes into account the interaction of the discrete and continuous states. The 
eigenvalues E,,’ are spaced like a continous set, in a manner we have previ- 
ously discussed.’ We express the perturbed eigenfunctions as linear functions 
of the unperturbed. If the discrete states are far enough apart® we need 
consider only one of them at a time and can write 


Yn’ =SanWat do eSents : (3) 


Instead of a sharp line absorption when we shine light into the system 
there will be absorption over a finite width of energies, i.e., the line whose 
final state would have had the energy EF, will be broadened and the center 
will be at that energy E,,’ for which Sy, has a maximum. We have assumed 
that the absorption is due to the discrete state, i.e., that /WaPyodr¥0, 
where yy refers to the initial unexcitedstateand P is the electrical polarization, 
but that /y.Pyod7r=0. The intensity of absorption for a given perturbed 
state is proportional to (/yW,’Pyodr)? and hence is proportional to Sz,°, 
(dr is the volume element in configuration space and the integrals are taken 
over all allowable values of the coordinates.) 

We are now ready to study the state of the system immediately following 
the absorption of light. Now wecan control the nature of the light we shine 
in. Thus we might inquire what would happen if we were to shine in mono- 
chromatic light of just the right frequency, say, to excite a definite state 
y,’. But if the light is to be strictly monochromatic we have to shine it in 
for an infinitely long time. So in this case there would be no sense in making 
any calculation regarding processes which would occur after activation, 
for activation will go on for an infinite length of time, after which the state 
of the excited molecule will be given by the stationary eigenfunction y,’. 

On the other hand, if we shine in light for an infinitely short time, then 
we may have any state excited. A case of particular interest arises if we shine 
in the light for so short a time that any energy over a considerable range 
in the neighborhood of one of the unperturbed discrete states Ya may be 
excited and that no appreciable decomposition takes place in that time, but 
for so long a time that only one Wa will be excited; we assume that this can 
be done. We shall see that it is a case to which the previously cited cal- 
culation of Wentzel’s applies. 

Let us suppose, then, that we have the molecule initially in the unex- 
cited state W°, and shine in light of frequency equal to (or nearly equal to) 
(Eo — Ey)/h for some convenient length of time ¢. Let us follow the changes in 
the wave function describing the system. We expand it in the form?!® 


VY = doo exp (—2riEst/h)+ Do nOnn’ exp (—27iE,'t/h). (4) 


* Ref. 7, pp. 751-2. Whenever we say that discrete states must be far apart, we mean 
that states which interact with each other must be far apart. 
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As we start with all atoms in the initial state, at ¢=0 all the a’s except ao 
are equal to zero, and a» may be taken as 1. Then after time ¢ we have a, 
(if its absolute value does not increase too much in time ¢) given by'® 


t 
é, = (2rP,,,/ich) f k (t) exp [27i(E,,’— Eo) t/h] dt (5) 
0 
where c is the velocity of light, Po = 207i P no(En' — Eo) /h where Pro 
= fy,'Podr, and k(t) is the magnitude of the vector potential of the light. 
k(t) may be written as k sin[27(E,—Eo)t/h|, where k is a constant. Now 
we can put this in the integrand and integrate. If we do this it is easy to 
see that, if ¢ is small compared to a period of the function exp|2z7i(E,’ 
—E,)t/h| for all energies E,’ that are appreciably excited, the a, of these 
states will be approximately in phase with each other, and proportional to 
Prop 
It will be seen that the narrower the absorption line the easier it will be 
for the duration of illumination to be short enough so that all states which 
contribute appreciably to the absorption will be included without appreciable 
difference of phase, and long enough so that only states in the neighbor- 
hood of the one discrete state will be included." 
We thus see that the initial state for the decomposition, which takes 
place after the absorption, is described by a wave function, 


y= yo ndnWn’ = const X ou! (6) 


The exponential time factor, which, as we have seen is the same for all the 
terms at the beginning of the decomposition, is included in the constant. 
But we have previously seen that P,,9 is proportional to S.,, hence 


¥=constX Do nSanWn’- (7) 


Now if we expand wa in terms of the y,’, which of course also form a 
complete orthogonal set, we get just the above expression (7), except for 
a constant factor. For the coefficient of any y,’ in the expression for Wa is 
equal to /Wa,'dr, which is also equal to the coefficient Si, of Ya when y,’ is 
expanded in terms of the unperturbed eigenfunctions. 

Thus the initial condition for the decomposition is just that used by 
Wentzel, and hence his calculation is justified in the special case considered, 


10 Dirac, Proc. Roy. Soc. 112A, 673-5 (1926). 

11 If, however, the time of illumination is so short that other discrete states are excited the 
resulting situation may be reduced to the foregoing one by treating each discrete state sepa- 
rately. In the subsequent working out of the problem, however, one difference will result, as 
the coefficient a, of a given continuous eigenfunction y, will contain contributions from more 
than one discrete state. This will affect Eq. (12) below, as the square of a, is not equal to the 
sum of the squares of the parts of which it is composed. However, for times ¢ which are large 
enough so that the sum in Eq. (12) converges rapidly we may neglect the contribution to any 
given a, from all the discrete states except one. Under these conditions, which are practically 
the conditions under which (12) is valid anyhow, we may treat each discrete state as if the 
decomposition from it were independent of all the others. 
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though with some further restrictions which we now discuss. We also justify 
certain assumptions not considered in detail by Wentzel. 
Wentzel uses the method of Dirac.'® We set 


Y=aaa exp (—2riEat/h)+ day, exp (—2riE.t/h) (8) 


where the a’s are functions of ¢. As we have just seen, at ‘=0 (beginning 
of the decomposition from the predissociated state) we may put aag=1 
and all a, =0, which furnishes the initial condition. Then 


—(h/2wi)da,/dt=aVeat D> aVai (9) 


i=all cont. 
unper. states 


where the matrix component 


V mp =Ump EXP |2r7i(E,,—E,)t/h 
oe p Pp xp | i( p)t/ ] (10) 


Ump= vat bedr. 
If m and p represent two continuous states this may be considered negligible,” 
and consequently we write 
—(h/2wi)da,/dt =agV sa. (11) 


To find the number of molecules in the state s at time ¢ we integrate and eval- 
uate |a,|.2_ The total number of molecules in continuous states at time / 








12 In my previous article (Ref. 7, Appendix I) I have shown that v,,» (where m and p repre- 
sent two different continuous states) will, at least under certain not unusual conditions, be 
very small compared to e, the energy between two adjacent continuous states, provided the 
width of the line is small enough (see correction, end of this paper). If this is so the sum on the 
right (9) is negligible. For the value of a; as found by Wentzel and used in obtaining (12) is 


exp [27i(E;—Eu)t/h|—-1 
ds = Ag? jg —_—___- 


Ea mre Ex 
and we can use this as a first approximation in the sum, getting 


exp [2ri(E,—E,)t/h]—exp [2i(E,—E,)t/h| 
L505 Veg = A.A 0¢ &§-—$£@@—— i —-——_  ——__ 


Ea — Ey 


We have taken 4 outside as v,4 (see below and Ref. 13). The quantity under the summation 
sign has a maximum in absolute value when Ea—£;, is equal to zero; it is then equal to 2rit/h. 
The quantity in the numerator is a periodic function; it has gone through a period when the 
energy E; has passed through a range equal to h/t. The number of terms in this range is h/et. 
Consequently the sum will be of the order of magnitude of (2wit/h) X(h/ed) =2mri/e and 
Lids Vig~2 ria dsa(v.¢/€) and is consequently negligible. 

If vmp is not zero when. m=p Eq. (9) becomes —(h/2mi)da,/dt=aaVsa+as0ss. This is a 
case which very likely occurs, but it will be readily seen that d|a,|*/dt is not altered at all, so 
that our subsequent calculations are unchanged. 
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is approximately (the approximation consisting in setting ag constant in 
the integration) 


exp [2ri(E,—E,)t/h|—1|? 


2! as = | aa|” LVea" E.—E 





(12) 


If a change of phase of ag occurs during ¢ Eq. (12) is changed only by having 
Ea—E, everywhere replaced by Ez—£,+const., which does not change the 
value of the sum if it can be replaced by an integral, as it usually can (see 
below): hence (12) is valid if |aq |2 does not change appreciably in time ¢. 
On account of the smallness of the matrix components of the perturbation 
for two continuous states, this will continue to give the increase in 2, |a, |? 
for any small interval of time, provided the new value of |az|? is inserted, 
until |ag|? becomes so small that the last term in (9) is no longer negligible. 
The increase in ,|a,|? is equal to the decrease in |ag|*, and this may be 
demonstrated directly by putting the expression for a, found from integrating 
(11) into the proper expression for da,/dt, integrating, and making the nec- 
essary calculation (using footnote 19, below). 

The quantity under the summation sign in (12) has a maximum when 
E,—Ea~0. This maximum is sharp if ¢ is not too small, and since the quantity 
Ysa is a slowly varying function" of E, we may under these conditions take 
it outside the summation sign. If ¢ is sufficiently small or the box in which 
the system is enclosed is sufficiently large so that the quantity under the 
summation sign varies in an approximately continuous manner, we may 
replace this sum by an integral, finding for the fractional decrease per unit 
time, or the specific rate of dissociation, the expression (which it is to be 
noted does not involve the time, and hence gives rise to an exponential dec- 
rement) 


y =49°0,47/he (13) 


e being the energy difference between two adjacent continuous states.*® 
By a different normalization of the continuous states we can get rid of the 
€, making the expression coincide with Wentzel’s. From the expression 
previously derived for the width of the line,"* w, we see that 


wl =h/2e (14) 


where T = 1/y is the average life of a molecule in a discrete state. 

The assumptions which we have made are not entirely independent of 
each other, and it will be well to find the minimum conditions under which 
(13) can be taken as giving the proper value of the rate of dissociation. 
We note that the condition that (12) converges rapidly means that the func- 
tion exp[27i(E,—E,)t/h| should go through many periods as E,— Ez varies 
from zero to a value equal to the energy difference between the state d 
and the next discrete state. But this is just the length of time that light must 


13 Ref. 7, p. 753. 
M4 Ref. 7, Eq. (34). 
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be shone in in order that only one discrete state should be excited. But the 
light must be shone in for such a short time that exp[27i(E,'—E,)t/h| will 
go through only a small fraction of a period, provided the state of energy 
E,’ is appreciably excited. This means that, if At is this time, 


wMt<h/2x (15) 
Hence 
MKT. (16) 


It seems that it should be safe to use (13) as an approximation, unless some- 
thing very unusual occurs, even for t<At. So we see that very little decom- 
position will take place in the time of illumination, and also, therefore, in 
the time before the sum in (12) converges rapidly. We can formulate the 
important independent conditions necessary to make (13) valid (for practi- 
cally the whole of the decomposition) as follows: 

I. The time of illumination must be short compared to the life period 
of the molecule in its discrete state, and long enough so that only one dis- 
crete state is excited (though in view of reference 11 the latter is not so import- 
ant). 

Il. The absorption must be small enough so that (5) holds. 

III. The perturbation function v,4 must be so small that the broadened 
discrete states are still very narrow compared to the distance between 
the discrete states, and it may be readily verified that this is roughly equiv- 
alent to saying that the time of dissociation is large compared to the time 
of vibration of the atoms in the discrete states; also it is tacitly assumed that 
there is no interaction with other electronic states (and this is in general 
possible because of the wide spacing of electronic states, which is in turn 
connected with the extremely rapid motion of the electrons about the nuclei) ; 
in fact, there should be no other discrete state near.® 

IV. The summation on the right hand side of Eq. (9) is negligible. 

V. Absorption of light does not take place directly to the continuum. 

VI. v.4 is a slowly varying function of &,. 


COMPARISON OF PREDISSOCIATION AND UNIMOLECULAR DECOMPOSITIONS 


First, let us compare the perturbations responsible for predissociation and 
unimolecular decompositions. Formally they can both be treated in the same 
manner. The method is the one usually used in the treatment of molecules," 
and the perturbations which arise have been discussed by Slater.'7 Take 
first the case of predissociation of a diatomic molecule.'? We consider first 
the distance r between the nuclei as fixed, and work out the wave equation 


4% Born, “Vorlesungen iiber Atommechanik” (Springer, 1925), p. 114. 

16 See, e.g., Condon, Proc. Nat. Acad. Sci. 13, 462 (1927). 

17 Slater, Proc. Nat. Acad. Sci. 13, 423 (1927). 

18 This has been discussed by Kronig, Ref. 6. Our formulation differs only slightly from 
his, but ours enables us to include all perturbations which may arise as examples of one general 
type. 
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for the rotation of the molecule and the motions of the electrons. This 
wave equation has certain eigenfunctions and eigenvalues, 0,, and E,, say, 
which depend on r as a parameter. We now set up the wave equation in 
r (i.e., in which r is the independent variable) inserting for the potential 
energy one of the eigenvalues £,,, which as previously noted are functions 
of r. We thus get an equation in r for every quantum state found with r fixed. 
Each of these equations has a set of eigenfunctions R,,, which depend on 
the electronic and rotational quantum numbers denoted by m as well as 
on the vibrational quantum numberk. Wenowtry the productO,,R,,; in the 
complete wave equation. We will in general find that this is not a solution of 
the complete wave equation but satisfies some other equation, and the differ- 
ence between them may be used as a perturbation to get the solutions for 
the former from those of the latter, as the 0,,R,,; form a complete orthogonal 
set.!2 Now we assume that the eigenvalues £,, which we get by holding r 
fixed form a discrete set, or, rather, we assume any continuum is so far 
out of the energy range we are interested in that we may neglect it. Then 
R.. will correspond to either a discrete state or a continuum according to 
the relation of the total energy of the system to the curve E,,(r). It will be 
generally conceded that the above unperturbed eigenvalues and eigenfunc- 
tions will give in a fairly correct manner the energy levels and dissociation 
limits of a diatomic molecule, and hence the corresponding perturbations 
will give correctly such things as the rate at which a molecule goes from a 
discrete state to a continuum.”° 

In like manner, in the case of a complicated molecule, if we know the pro- 
ducts immediately after decomposition, we may take as one coordinate the 
distance, r, between the two groups which separate. Holding this r first 
as a fixed parameter we calculate all electronic, rotational, and vibrational 
states, and if there is only one way in which the molecule can dissociate this 
will give discrete sets of eigenvalues. We can proceed in the same manner 
as before, finally getting perturbations of the type found by Slater. If, 
however, the eigenvalues which we use in the second step of the above proc- 
ess are a complicated function of r which has a maximum, as in the curves 
considered in the theory of radioactivity,”' a special complication arises, as 
the matrix components may change very rapidly with the energy. If this 
happened in the case of predissociation v,q would not be a slowly changing 
function of E, and we could not take it outside of the summation sign in 
evaluating (12). 


19 This property is of course assumed throughout our development The perturbed eigen- 
functions must also form a complete orthogonal set. From these two facts we can conclude 
quite generally that the perturbation matrix is Hermitian (or, if we leave out the complex 
factor, as in the second part of (10), symmetrical). I am indebted to Dr. Morris Muskat for a 
proof of this fact. It renders certain details of my former paper unnecessary. 

20 Dr. Langer, in discussing this matter with me, has pointed out that such a conclusion 
always involves the assumption that convergence difficulties will not arise in calculating the 
perturbed eigenfunction. In this connection see foot note 16 of Ref. 7. 

21 Gamow, Zeits. f. Physik 51, 204 (1928); Gurney and Condon, Phys. Rev. 33, 127 (1929). 
See also Langer, Ref. 3. 
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Let us consider the case of azomethane, where the first step in the de- 
composition is likely CH;NNCH;-~CH;NN+CHs;. Then we take for r 
the distance between the centers of gravity of the two groups on the right 
hand side of the equation. In so doing we neglect the resonance or inter- 
change phenomenon as far as it concerns the nuclei in the two groups, which 
is probably justified. There s another difficulty. It isseen that it makes no 
difference which CH; group breaks off. There are thus effectively two ways 
in which the molecule can break up, and hence we may expect the appearance 
of a continuum even when r is held fixed, contrary to our assumptions. But 
a continuum occurs only when there is a rather large energy in the bond 
which breaks. Thus it is not often that we have to consider two continua 
at the same time,so it seems probable that toa first approximation our method 
is correct. Or, if we perferred, we could consider the two distances fixed at 
first, and our calculations would not be greatly altered.” It thus seems that 
we have a fairly clear schematic picture of how the perturbations could be 
calculated theoretically; but it must not be supposed that even if these 
perturbations could actually be found that we could blindly put them into 
Eq. (13) and proceed to use it without further thought. 

The difficulty lies chiefly in the failure of assumption III on p. 1458. 
In the case of a large molecule there is a complex series of changes in which 
energy passes from one place in the molecule to another. There is no reason 
to believe that there is not a large chance for decomposition to take place 
before such a cycle of changes is completed, or before the molecule comes back 
even approximately to its initial state. Although this interchange of energy 
involves vibrational- motions probably entirely, the situation is somewhat 
similar to that which would occur in the case of predissociation if the elect- 
tronic motions were slow. In that case assumption III would not be expected 
to hold, and we could not use deductions based on it. 

It is of interest to note that assumption I is fulfilled, inasmuch as the time 
of activation, which extends through the duration of a collision, is in general 
short compared to the time for reaction to occur after a collision. It seems 
safe, therefore, at least in may cases* to conclude that at the collision the 
broadened discrete state is excited as a whole as if it were not broadened, 
just as in the case of predissociation the total absorption over the width of 
the line is equal to the total absorption which would occur if there were no 
interaction with a continuum. We can therefore caclulate the rate of activa- 
tion just as if no subsequent decomposition were going to take place. Gen- 


*% This would be safe to do in case two CH; broke off simultaneously. See Ramsperger, 
J. Am. Chem. Soc. 51, 2141 (1929). 

23 In the case of the decomposition of azomethane, which has been extensively studied 
(see, e.g., Rice and Ramsperger, J. Am. Chem. Soc. 50, 617 (1928)) the conclusion seems quite 
safe, as the rate of reaction has only decreased by about 20% at a pressure of 1/10 atmosphere 
where the mean free path will be of the order of 10-* cm. If a collision takes place in a distance 
of less than 10~’ cm, as we suppose to be the case, the time between collisions should be over 
100 times the time of a collision, and since most of the molecules have not reacted in the time 
between collisions, it seems very probable that our conclusion will be valid. 
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erally this calculation is made by means of the principle of entire equilibrium 
or microscopic reversibility, in that we take the rate of activation to to be 
equal to what the deactivation would be if the reaction did not occur.” 
This requires the calculation of the equilibrium number of activated mole- 
cules, which it is now seen must be made as though the discrete states were 
not broadened. It must be noted, however, that the conclusion that the broad- 
ened discrete state is excited as a whole is only certainly true if all the other 
assumptions are fulfilled as well as assumption I, for it depends upon the 
truth of (14). It also depends on a relation connecting the range of internal 
energies, AZ, excited in a collision (which corresponds to the range of energies 
excited by light in the case of predissociation) and the time A¢ of a collision: 


AEAt> h/2mr. (17) 


If both (14) and (17) hold then At<T requires AE>w. A consideration of 
the collision problem for two complex molecules, taking into account both the 
translational and internal energies, indicates that (17) holds. But (14) does 
not hold inthe present case as assumption III does not hold. So our conclusion 
that AE>w, is not certainly true, but it is probably true. Now to further 
draw the conclusion that the broadened discrete state is excited as a whole 
we need to prove a formula equivalent to Eq. (7). This rests on Eq. (5) or 
assumption II. This assumption, which amounts to saying that the activating 
perturbation is small, does not hold in the collision case. Indeed, a collision 
is an exceedingly violent affair, and two molecules can interchange energy in 
various ways. The problem is thus complicated, and we have the difficulty 
that there will be many intermediate states before the final state of the mol- 
ecule is reached after the collision. But we make the assumption that a 
continuous state in the molecule can never be excited directly from any dis- 
crete state by collision with another molecule, i.e., decomposition occurs 
after the collision. Then the chance that a molecule will at any time get 
into a certain excited perturbed state y,’ whose energy lies in the range AE 
will depend upon the coefficient Sz, in the same way as in the case of pre- 
dissociation. The phase considerations become more complicated, but not 
very different in character from those we considered in the case of predis- 
sociation, and so no phase differences are to be expected. Thus, without 
laying claim to any great rigor, we may state that it seems very probable 
that the discrete state will be excited as a whole. 

The equivalent of assumption V probably holds in the case of molecular 
decompositions, but, as mentioned above, the equivalent of assumption VI 
may not. It is hard to be sure about IV. 

The above considerations make it appear unlikely that it will soon be 
possible to replace the statistical treatment? of the problem previously given 
by a strict theoretical treatment. 


* Rice and Ramsperger, J. Am. Chem. Soc. 49, 1619 (1927). 
% Note that a relation similar to that described by Eq. (7) will still hold even if more than 
one discrete state is involved due to the failure of assumption III. 
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Correction to my paper: Perturbations in Molecules and the Theory of Pre- 
dissociation and Diffuse Spectra, Phys. Rev. 33, 748 (1929). 


There is an error in- Appendix I, which invalidates the proof that 
Ue, /€~10-*. The distance of separation of two rotation states was written 
h?/4m* Mr, instead of h;?/42*?Mr? and this was carried through. When the 
correction is made 7,,-,/€ turns out to be of the order of 1, and hence would 
appear not to be negligible. The Appendix still shows, however, that if 
the line is narrow enough 2,,.,/¢€ will be small, so our deductions hold for 
this case. The width of the line considered in Appendix I was actually 
rather large, and in many cases, at any rate, v,,-,/€ may still be expected 
to be small. This is seen as follows. From Eq. (34) and the relations de- 
duced in Appendix I between »,,4, and %,-, we find v,,-,/€= (roW/2mne)?. 
Now if we change 7; we do not change the value of this expression. If 1; 
becomes of the order of 7» then ¢ will be of the order of the distance between 
two vibration levels. Hence if Wis small compared to this distance »,,.,/€ 
may be expected to be small. (When we allow 7; to become small, we must 
do it in an idealized way, neglecting the effect of the actual potential energy 
curve at small r, as only thus will the expression under the radical remain 
unchanged.) 
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(Received October 23, 1929) 


ABSTRACT 


The short lived phosphorescence of fused quartz was found to have a decay 
constant of approximately 5X 10% sec. The wave-length of the exciting radiation 
is less than 2270A. The phosphorescence radiation is a continuous band extending 
from 3700 to 4750A with a maximum at 4000A. Temperature changes from 20° to 
240°C do not affect this phosphorescence. No phosphorescence of this type was 
observed in crystalline quartz. 


HE luminescence of fused quartz has been observed and studied to a 

very limited extent.! Three types have been detected : (1) phosphores- 
cence of short duration, which has been observed only as fluorescence; 
(2) phosphorescence of long duration lasting is some cases many hours; 
(3) thermoluminescence, observed when fused quartz which has been irradiat- 
ed with short wave-lengths is heated. These phenomena have usually been 
attributed to the impurities in the fused quartz, as crystalline quartz has not 
shown the effects. An exception to this is cited by Bailey and Woodrow! who 
found that crystalline quartz after having been raised to 1600° C showed the 
thermoluminescence phenomenon. 

While studying the persistence of the emission of \2537 from mercury 
vapor after the exciting radiation had been cut off, the authors found that a 
short lived phosphorescence (presumably of the first type) of the walls of the 
fused quartz cell containing the vapor was sufficiently intense and of such a 
duration as to be confused with the mercury radiation unless a spectroscope 
was used in the observing system. As fused quartz is widely used in studying 
the luminescence of vapors, measurements were made of the wave-lengths of 
the exciting radiation, of those of the phosphorescence radiation and of the 
time of decay of the latter. 

Three samples of transparent fused quartz were examined. Sample A was 
obtained from the Thermal Syndicate Co., Ltd., sample B from the Cooper- 
Hewitt Electric Co., and sample C from the Hanovia Chemical and Manu- 
facturing Co. All were between two and three millimeters in thickness. 


1W. E. Curtis, Nature 113, 495 (1924). 
E. B. Ludlam and W. West, Nature 113, 389 (1924). 
D. L. Chapman and L. J. Davies, Nature 113, 309 (1924). 
W. E. Curtis, Proc. Phys. Soc. London 36, 431 (1924). 
A. C. Bailey and J. W. Woodrow, Phil. Mag. 6, 1104 (1928). 
J. C. Drummond and T. A. Webster, Nature 115, 837 (1925). 
2 A. E. Gillam and R. A. Morton, Phil. Mag. 6, 1123 (1928). 
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EXPERIMENTAL 


The phosphorescence was measured by the rotating device previously 
described.* The radiation from a water-cooled quartz mercury arc passed 
through a narrow slit and fell on the sample of fused quartz about 15 mm 
distant. The illumination was made intermittent by means of a rotating 
toothed disk. Beyond the sample, rotating on the same shaft as the toothed 
disk was a second disk through which had been drilled a set of } mm holes 
spaced so that a hole corresponded to each tooth. The reemitted light passed 
through these holes to a photographic plate a few tenths of a millimeter away. 
The disks were so adjusted that the cut-off of exciting radiation by each tooth 
of the first occurred just as a hole in the second passed on to the plate. Thus 
only the reemitted light reached the plate leaving a trace from which its 
variation with time could be determined. The time necessary to obtain 
a satisfactory trace varied from 30 to 120 minutes. The angular speed of the 
disks averaged 3600 R. P. M. 


EXCITING RADIATION. 


When a piece of polished calcite 3 mm thick, was interposed between the 
arc and the slit no trace of the phosphorescence was observed. Therefore the 
wave-length of the exciting radiation was less than 2270A, which was the 
limit of transmission of the calcite used, as determined spectroscopically. 
Spectrograms of the arc showed only two lines in this region 1942A and 1849 
A. Whether one or both of these lines was responsible for the excitation was 
not determined. 


PHOSPHORESCENCE RADIATION. 


The phosphorescence radiation from the fused quartz was readily trans- 
mitted by ordinary glass. A spectrogram of this radiation was taken with the 
apparatus slightly modified. The perforated disk was replaced by a second 
toothed disk which rotated close to the slit of a small quartz spectrograph. 
The disks were synchronized so that the exciting radiation was completely 
cut off before the spectrograph slit was uncovered by the second disk. With 
the disks rotating at 2700 R. P. M. it required 25 hours to obtain a satis- 
factory spectrogram. The radiation recorded consisted of a single continuous 
band extending approximately from 3700-4750A, with a maximum at 4000A. 
The slit width used corresponded to about 60A. No other bands or lines 
were found on the plates. 


TIME OF DECAY 


The time of decay of the phosphorescence was calculated from the trace 
on the photographic plate obtained with the apparatus as first described. 
The law of blackening of the plates was not sufficiently well known to deter- 
mine whether the decay followed a simple exponential law or not. Assuming 
an exponential law the result was an exponential decay constant equal to 


3M. W. Zemansky, Phys. Rev. 29, 513-523 (1927). 
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5000 sec'. Within the precision of the determinations the results for the 
three samples were the same. 

There was a marked difference in the intensities of the phosphorescence 
from different samples, in some cases as great as five-fold. A variation from 
point to point in each sample was observed but not studied. 

No change in the rate of decay of the phosphorescence from sample C 
was found when the temperature of the sample was raised from 20° to 240° C. 

No trace of this phosphorescence was found in crystalline quartz. 

In conclusion the authors wish to thank Mr. L. J. Buttolph of the Cooper- 
Hewitt Electric Co. for the loan of the mercury arcs used in these tests. 
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THE HALL EFFECT IN PERMALLOY 


By ALPHEUS W. SMITH AND R. W. SEARS 
MENDENHALL LABORATORY OF Puysics, OHIO STATE UNIVERSITY 


(Received September 25, 1929) 


ABSTRACT 

The Hall effect has been studied in three permalloys, the composition being 
84, 81 and 78 percent nickel with the remaining part iron. The observed transverse 
electromotive forces are unsymmetrical for the two opposite directions of the mag- 
netic field. This dissymmetry arises from an unsymmetrical change of resistance 
in the transverse magnetic field. Since this change of resistance is a complex function of 
the magnetic field, this dissymmetry is also a complex function of the magnetic field. 
In each of these alloys the Hall effect is at first positive as in iron but reverses its 
direction and becomes negative as in nickel for sufficiently large magnetic fields. 
For magnetic fields less than about 11,000 gauss an increase in the concentration of 
iron increases the Hall effect. With an increase in the concentration of iron the 
maximum in the curve showing the Hall electromotive force as a function of the 
magnetic field shifts toward greater magnetic fields. The greater the concentration 
of iron, the larger is the magnetic field at which a reversal in the direction of the 
Hall electromotive force takes place. 

Each of the Hall effect curves can be resolved into two component curves, 
one negative, the other positive. The negative component is a straight line, with a 
slope which is nearly the same for each alloy. This negative component may be at- 
tributed to the action of the magnetic field on the so-called free electrons. The 
positive component has the form of the corresponding curve for iron or nickel. The 
magnitude of this component increases with an increase in the concentration of the 
iron. The positive component may be attributed to the orientation of the elementary 
magnets by the transverse magnetic field. 


HE fact that the sign of the Hall effect may be either positive or nega- 

tive is of much importance in any theoretical interpretation of this effect. 
The classical electron theories of metallic conduction! indicate that the sign 
of this effect should be negative as in bismuth. The recent theory of Som- 
merfeld? amounts to a modification of the classical theory with no further 
consideration of the question of the sign of the effect. In alloys of bismuth 
and tin,* in alloys of bismuth and lead‘ and in certain specimens of bismuth in 
the form of single crystals® the Hall effect is negative for values of the magnet- 
ic field less than a certain critical value and positive for magnetic fields 
greater than that value. This reversal is also without explanation. Since the 
Hall effect is positive in iron and negative in nickel, there is some interest in 
examining it in binary alloys of these two metals, especially permalloys which 
have unusual magnetic properties. 


10. W. Richardson, Electron Theory of Matter, 434 (1914). 

2 A. Sommerfeld, Zeits. f. Physik 47, 43 (1928). 

3 A. V. Ettingshausen and W. Nernst, Ann. d. Physik [3] 33, 474 (1888). 
4A. W. Smith, Phys. Rev. [2] 10, 358 (1917). 

5 J. Becquerel, Comptes rendus 154, 1795, (1912). 
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EXPERIMENTAL METHOD 


Specimens of three permalloys with different concentrations of iron and 
nickel were made available through the kindness of Professor L. W. Mc- 
Keehan at that time with the Bell Telephone Laboratories. One of these al- 
loys contained 84 percent nickel and 16 percent iron; another 81 percent 
nickel and 19 percent iron; the other 78 percent nickel and 22 percent iron. 
The specimens were originally in the form of thin sheets which had not been 
annealed. From these sheets rectangular plates were prepared for the investi- 
gation. Some of these plates were cut with the direction of the longer axis of 
the plate coinciding with the direction in which the sheet had passed through 
the rolls and some of them were cut so that the direction of the flow of current 
was at right angles to the direction in which the plate had been rolled. Plates 
of different thickness and sizes were prepared and the Hall effect was examined 
in these plates before and after annealing at 1000° C for 4 hours. The plates 
were approximately 0.04 cm or 0.003 cm in thickness. 

The method of making the observations was essentially that used by one 
of the authors® in previous investigations of the Hall effect in metals and al- 
loys. Data on the Hall electromotive force were obtained by measuring this 
electromotive force for a number of magnetic fields when the magnetic field 
remained fixed in direction without reversal. A similar series of observations 
was then made on the same plate with the magnetic field in the reversed di- 
rection. The algebraic mean of the observed electromotive force for a particu- 
lar magnetic field gives the Hall electromotive forces for that field and is equal 
to one half the electromotive force which would be set up in the plate by the 
reversal of the magnetic field. The reason for paying especial attention to 
this method of procedure arose out of the fact that there was a marked dis- 
symmetry in the magnitude of the observed transverse electromotive force 
for each direction of the magnetic field separately. Care was taken that re- 
sidual magnetism in the plate was not responsible for the dissymmetry. The 
Hall electromotive force for unit current and unit thickness of plate was 
calculated from the familiar equation, 


E=RHI/d 
where E and J are measured in absolute units and d in centimeters. 


RESULTS 


Figure 1 gives a typical set of results for an unannealed plate of a permal- 
loy containing 84 percent nickel and 16 percent iron. Curve I is for the mag- 
netic field in one direction and Curve II is for the magnetic field in the oppo- 
site direction. For magnetic fields less than about 13,000 gauss the observed 
electromotive forces are in the same direction for the two directions of the 
magnetic field. Curve III is obtained by taking the algebraic mean of the 
electromotive forces for the two directions of each of the magnetic fields and 
plotting this mean against the corresponding magnetic field. This curve there- 


* A. W. Smith, Phys. Rev. 30, 1 (1910). 
























1468 A. W. SMITH AND R. W. SEARS 


fore shows the true Hall electromotive forces set up in the plate by the mag- 
netic field, without the distortion due to the dissymmetry of the electromo- 
tive forces. It is to be noted that the Hall electromotive force rises to a max- 
imum at about 5,000 gauss, reverses its direction at about 11,000 gauss and 
that for fields greater than about 11,000gauss there is a linear relation between 





H (gauss) 


Fig. 1. Hall effect in unannealed permalloy, 84 percent nickel and 16 percent iron; 
Curve I for magnetic field in one direction; Curve II for magnetic field in opposite direction; 
Curve III algebraic mean of Curve I and Curve II. 


the Hall electromotive force and the magnetic field. For magnetic fields less 
than about 11,000 gauss the Hall effect in this plate is positive as in iron. For 
fields greater than 11,000 it is negative as in nickel. 

Similar observations were made on a number of other samples of the per- 
malloy of this composition. These plates differed in length, width and thick- 
ness. Some were annealed and others were unannealed. The dissymmetry of 
the effect varies from plate to plate but the mean curve representing the Hall 
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1 
H (auss) 
Fig. 2. Hall effect in unannealed permalloy, 81 percent nickel and 19 percent iron; 
Curve I for magnetic field in one direction; Curve II for magnetic field in opposite direction; 
Curve III algebraic mean of Curve I and Curve II. 


electromotive force is essentially the same in all cases. Variations from plate 
to plate were not more than might be expected to arise from minor changes in 
composition or other physical characteristics of the plate. 

Figure 2 gives similar data for a specimen of permalloy containing 81 per- 
cent nickel and 19 percent iron. Here again the dissymmetry is quite marked. 
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Curve I for the magnetic field in one direction lies for the most part on the 
same side of the axis as Curve II for the magnetic field in the opposite direc- 
tion. The algebraic means of these electromotive forces for each value of the 
magnetic field are plotted as Curve III which is a measure of the Hall effect. 
It will be observed that the direction of the effect in this alloy is the same as in 
iron and that the Hall electromotive force rises to a maximum at about 10,000 
gauss and reverses its direction at about 20,000 gauss. Similar results were 
obtained for the other specimens of this alloy. The dimensions of the plate, 
the heat treatment and other physical characteristics change the magnitude 
of the electromotive forces for a particular value of the magnetic field when 
the field is in a given direction. However, Curve I and Curve II are changed 
in such a way that the resultant Curve III is essentially unchanged. Hence 
the observed Hall electromotive forces in the different plates may differ 


Il 
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Fig. 3. Hall effect in unannealed permalloy, 78 percent nickel and 22 percent iron; 
Curve I for magnetic field in one direction; Curve II for magnetic field in opposite direction; 
Curve III algebraic mean of Curve I and Curve II. 


somewhat in magnitude but are always represented by a curve similar to 
Curve IIT. 

Figure 3 gives the results on an unannealed sample of permalloy contain- 
ing 78 percent nickel and 22 percent iron. An examination of the Hall effect 
in other plates of this same composition gave results essentially equivalent 
to those shown in Fig. 3, showing that the Hall effect in this alloy is essentially 
independent of the dimensions of the plate, its heat treatment, etc. It will be 
seen from this figure that Curve I and Curve II giving the Hall electromotive 
force for the two directions of the magnetic field lie on opposite sides of the 
horizontal axis. There is in this case also some dissymmetry in the effect since 
the curves are not identical. Curve III which is obtained by taking the mean 
of the ordinates of the other two curves for each magnetic field shows the 
Hall electromotive forces as a function of the magnetic field. This curve rises 
to a maximum when the magnetic field is about 12,000 gauss. After this mag- 
netic field is exceeded the Hall electromotive force decreases. For fields used 
in this investigation there is never an actual reversal of the effect but there is 
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a clear indication that at still higher fields there would be a reversal. The 
direction of the effect is always positive as in iron. 
DIsSYMMETRY 

The dissymmetry of the Hall effect in bismuth was attributed by Lebret? 
and van Everdingen® to an unsymmetrical change of resistance. The same 
explanation will account for the dissymmetry observed in the alloys of bis- 
muth and tin and in the alloys of bismuth and lead. Reasons for an unsymmet- 
rical change of resistance in a transverse magnetic field in the case of alloys 
of iron and nickel are quite evident. Webster® has shown that the change of 
resistance of iron in a transverse magnetic field depends upon the orientation 
of the crystal axis with respect to both the direction of the current and the 
magnetic field. Similar results have been obtained by Kaya!'® on the change 
of resistance of nickel in a transverse magnetic field. The change of resistance 
may be either positive or negative and it is a complex function of the magnet- 
ic field. From these results it is evident that the change of resistance produc- 
ed by a transverse magnetic field in a solid solution of iron and nickel would 
depend in a complex way on the intensity of the magnetic field, on the orienta- 
tion of the crystals with respect to the current and the magnetic field and on 
the concentration of the iron and nickel in the solution. The concentration 
of the iron and nickel in the alloy is probably not entirely uniform and the 
orientation of the crystals is certainly not uniform over the entire surface of 
the plate. Hence the change of resistance produced in one part of the plate by 
the transverse magnetic field would not necessarily be the same as that pro- 
duced in another part of it and this variation of the change of resistance from 
one part of the plate to another would cause a change in the direction of the 
flow of current in the plate. This change in direction of the flow of current 
would be independent of the direction of the magnetic field and hence it 
would not be reversed by a reversal of the magnetic field. The algebraic 
addition of the transverse electromotive force produced by this change in the 
direction of the flow of current and the true Hall electromotive force would 
account for the observed dissymmetry. Since the unsymmetrical change of 
resistance varies with the intensity of the magnetic field, the dissymmetry of 
the Hall effect will also vary with the intensity of the magnetic field. 


REVERSAL OF THE HALL ELECTROMOTIVE FORCE 


From Fig. 4 it is evident that an increase in the concentration of iron in 
the alloy, increases the Hall electromotive force for lower magnetic fields and 
causes the maximum in the curve to occur at higher magnetic fields. It 
is also evident that the field at which a reversal in the direction of the elec- 
tromotive force takes place, increases with an increase in the concentration 
of iron in the alloy. 


7 A. Lebret, Com. Phys. Lab. Univ. of Leiden, No. 19, 17 (1895). 

8 E. van Everdingen, Com. Phys. Lab. Univ. Leiden, No. 26, 10 (1896) 
® W. L. Webster, Proc. Roy. Soc. Al14, 611 (1927). 

10S. Kaya, Sci. Reports, Tohoku Imp. University 17, 1027 (1928). 
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Each of the curves representing the Hall electromotive force as a function 
of the magnetic field can be resolved into two component curves. Fig. 5 
shows these component curves for the alloy containing 84 percent nickel and 
16 percent iron; Fig. 6 for the alloy containing 81 percent nickel and 19 per- 
cent iron and Fig. 7 for the alloy containing 78 percent nickel and 22 per- 
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Fig. 4. Comparison of Hall effect in three permalloys of different compositions. 


cent iron. One of these curves is a straight line indicating that one component 
of the Hall electromotive force is proportional to ‘lie magnetic field. This 
part of the net electromotive force is negative, that is, it has the same direc- 
tion as the Hall electromotive force in bismuth. The other component has the 
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Fig. 5. Resolution of Hall effect into two components for alloy 
containing 84 percent nickel and 16 percent iron. 


form of the curve showing the Hall electromotive force in iron or nickel as a 
function. of the magnetic field. At first there is almost a linear relation 
between this part of the Hall electromotive force and the magnetic field but 
with further increase of the magnetic field the curve becomes parallel to the 
horizontal axis along which the magnetic fields are plotted. The curve show- 
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ing the observed Hall electromotive force as a function of the magnetic field 
is obtained by taking the algebraic sum of the ordinates of the two compo- 
nent curves and plotting these ordinates against the corresponding abcissae. 

The resolution of these Hall effect curves into two parts shows that the 
observed Hall effect in these alloys may be considered as made up of a positive 
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Fig. 6. Resolution of Hall effect into two components for alloy 
containing 81 percent nickel and 19 percent iron. 


part as in iron and a negative part as in a metal like gold or silver. The posi- 
tive part just as in iron approaches a limiting value for sufficiently large mag- 
netic fields and thus behaves like the Hall effect in iron or nickel. The nega- 
tive part on the other hand is a linear function of the magnetic field and is thus 
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Fig.” 7. Resolution of Hall effect into two components for alloy 
containing 78 percent nickel and 22 percent iron. 


similar to the Hall'effect in such elements as copper, gold or silver. This com- 
ponent of the effect may be explained as being produced by the direct action 
of the magnetic field on the so-called free electrons just as the Hall effect in 
gold and silver is explained on the basis of the deflection of the free electrons 
by the magnetic field. The positive component curve which resembles the 
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corresponding curve for nickel and iron is probably caused by the orientation 
of the elementary magnets in the transverse magnetization of the plate. When 
all the elementary magnets have been oriented in the direction of the magnet- 
ic field, the electromotive force arising from this cause remains constant as 
the magnetic field is further increased. 

It is noted that the slopes of the linear curves for each of these alloys is 
essentially the same, indicating that the effect of the magnetic field on the 
free electrons is essentially the same in each case and nearly independent of 
the concentration of the iron and nickel in the alloy. Moreover the slope of 
these linear curves has the order of magnitude of the slopes of the correspond- 
ing curves for one of the non-magnetic elements like gold, silver or copper. 
Hence since the slope of the curves for copper, silver and gold gives a measure 
of the effect of the magnetic field on the free electrons in them and since the 
negative component curves for these alloys have essentially the same slope 
as the corresponding curve for copper, gold and silver, it would seem that the 
effect of the transverse magnetic field on the free electrons is of the right order 
of magnitude to account quantitatively for the slopes of these linear negative 
component curves. Furthermore theories of the Hall effect based on electronic 
theories of metallic conduction ordinarily lead to the conclusion that the Hall 
constant is the same in all non-magnetic elements. For example the Hall 
constant for non-magnetic elements like copper, gold, or silver is given by the 
expression, 


R=3n/(8e-n) 
on the classical theory and by 
R=1/(e-n) 


in Sommerfeld’s theory where ¢ is the electronic charge and m the number of 
electrons per unit volume. These expressions indicated that the Hall constant 
is independent of the nature of the metal and depends only on the electronic 
charge and the density of the electrons in the metal. 

An examination of the positive components of the Hall effect curves for 
these alloys shows that the magnitude of the positive component for a parti- 
cular field becomes greater when the concentration of the iron in the alloy is 
increased. The curve for the alloy containing 78 percent nickel and 22 per- 
cent iron lies above the curve for the alloy containing 81 percent nickel and 
19 percent iron and the curve for the alloy containing 84 percent nickel 
and 16 percent iron. This fact has the effect of causing the Hall effect curve 
for the alloy containing the greatest percentage of nickel to cross the hori- 
zontal axis before the curve for the alloy containing a greater percentage of 
the iron and a less percentage of nickel. If the positive components of these 
Hall effect curves can be attributed to structural changes in these alloys, it 
would seem that the additional structural changes noted when the content of 
iron increases indicates that the higher magnetic moment per unit atom of the 
iron is more effective in producing structural changes than the smaller mag- 
netic moment per unit atom of nickel. 
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ON THE WAVE-FORM OF A SOUND PRODUCED 
BY A SPARK 


By J. OkuBo AnD E. MAaTuyAMA 
SENDAI, JAPAN 


(Received August 12, 1929) 


ABSTRACT 
By using Michelson’s interferometer, the wave-form of a sound produced by 
a condensed spark has been studied. It has been found that the wave consists of a 
high frequency oscillation of air of the order 10~ sec., having two discontinuities, one 
being due to a condensation at the head and the other to a rarefaction at the tail. The 
variation of the wave-form has also been observed, as it propagates onwards, 


INTRODUCTION 


OLLOWING the well-known experiments by E. Mach and hisco-workers,! 

many well-designed and interesting devices for measuring the velocity 
of the sound waves produced by a condensed spark at points both near and 
distant from the source have been brought out by M. Toepler,’ A. L. Foley,® 
J. E. Smith ¢ and others. And the law governing the relation between the 
propagational velocity of the disturbance of air in a free atmosphere and 
the distances from the source of the points of observation have been fairly 
reliably established. 

Notwithstanding its importance as a fundamental problem in a physical 
as well as a physiological sense, it is to be regretted that as regards our knowl- 
edge of the precise nature of the wave-form of air disturbances especially 
in such a case as that of a powerful explosion of an explosive material or 
of a condensed electric discharge, we are quite in the dark. 

In all previous works on the visualization or photographic record of the 
sound wave obtained by the so-calied “Schrieren Method,” it is pointed out 
that the wave-shadow always stands out with surprising distinctness. This 
means that the density of the air is abruptly increased by the arrival of the 
sound wave and then suddenly decreases. But it must be here taken into 
consideration that this wave-shadow has been produced by a beam of light 
which has undergone complex refraction from the spherical or cylindrical 
layers of condensed and rarefied air and obviously the true variations of 
the density in the air cannot be determined from these records. 

One type of apparatus for the registration of the wave-form of the sound 
is the so-called “Phonodeik” which is a device for the utilization of a mem- 


1 E. Mach and Gruss, Wiener. Ber. 78, 14 (1878); 98, 1257 (1889). 
E. Mach and Salcher, Wied. Ann. 32, 277 (1888). 

2M. Toepler, Ann. d. Physik 14, 838 (1904). 

3 A. L. Foley, Phys. Rev. 16, 449 (1920). 

‘J. E. Smith, Phys. Rev. 25, 870 (1925). 
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brane or a thin plate, as is done in the apparatus constructed by K. Marble,’ 
D. C. Miller,6 C. V. Raman and A. Dey,’ S. H. Anderson® and others.® 
These methods are very convenient and fairly sensitive. But though they 
may be suitable for the sound of a comparatively low frequency, they may 
not be adapted for one of a higher frequency. 

S. Garten'® has also devised a faithful sound register consisting of a 
soap film which is very thin and of small area, and by recording photogra- 
phically the motion of iron file-dust placed on the film, he has obtained various 
records of the wave-form of the air disturbances produced by a tuning fork, 
an organ pipe, vowel utterance, and the detonation of a condensed electric 
discharge. But it is evident from his records as well as from his conclusions 
that in using this register the resonances of a small air cavity attached behind 
the film cannot be completely obviated when the frequency of the sound is 
high, and it is not easy to determine precisely the true wave-form of the de- 
tonation. 

Recently other types of electrically registering devices have been brought 
out by E. C. Wente," H. Riegger,” J. Obata,“ and W. Einthoven and S. 
Hoogerwerf.'* These methods are of great sensitiveness but they also de- 
pend upon the utilization of the vibration of a thin plate or of a fine string, 
and the wave-form registered by this means will have the same defects as 
that of the former type of apparatus. As F. Auerbach" and S. Garten"® 
have pointed out, it seems that the detonation is a very rapid motion of the 
air particles and so for the registering of such a high frequency disturbance, 
the common type of phonodeik which has been mainly used in the study of 
the sound waves of comparatively low frequencies will be inadequate. To 
obtain the precise form of a detonation wave accurately it will be absolutely 
necessary to devise a registering system having an inertia no greater than 
that of an air particle itself. 

Already A. Raps'® has used a Jamin type of interferometer as a sound 
recorder and has recorded the density variation due to the sound wave 
produced in a gas which the light traverses. This method is theoretically 
quite free from any objection, and it might be expected that with it the pre- 
cise form of the air disturbance would be accurately obtained, but as he 
remarked, it is to be regretted that the sensitiveness was not sufficiently 
great to enable the fine form of the wave to be recorded. 


5K. Marble, Zeits. f. Psychol. 49, 206 (1908). 

6 PD. C. Miller, The science of musical sounds, 1916. 
7C. V. Raman and A. Dey, Phil. Mag. 39, 145 (1920). 
8S. H. Anderson, J. Optical Soc. Am. 11, 31, (1925). 


® The full literature is summarised in Handbuch der Physik VIII, p. 596, p. 606, (1927). 


10S. Garten, Ann. d. Physik 48, 273 (1915). 

1! E, C. Wente, Phys. Rev. 10, 391 (1917); 19, 498 (1922). 

2H. Riegger, Siemen. Konz. III,2, 67 (1924). 

18 J. Obata, Jour. Franklin Inst. 203, 647 (1927). 

14 W. Einthoven and S. Hoogerwerf, Pfluger. Arch. f. Den. Gesell. Physiol. 
16 F, Auerbach, Winkelmanns Handbuch d. Phys. Akustik, p. 276, 1909. 
16 A. Raps, Wied. Ann. 50, 193 (1893). 
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To obtain an accurate record of the precise nature of the density variation 
of the air due to a rapid disturbance caused by a condensed electric discharge, 
we have adopted an interferometer method, and have used Michelson’s 
type of interferometer. By this method some interesting records were ob- 
tained, and in what follows we shall describe the arrangements of the ap- 
paratus and the main results obtained. 


THE EXPERIMENTAL ARRANGEMENT 


The main arrangement of the apparatus used is shown diagrammatically 
in Fig. 1. In order to introduce the sound wave, a short tube was firmly 
fixed on the interferometer, across the pencil of the light, between the two 
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Fig. 1. Diagram of apparatus in plan. 


mirrors J, and /;. The tube in cross section is a rectangle having an area 
5.15.5 cm’, and is 14.0 cm in length; it was made of a brass plate 2 mm in 
thickness covered with a sheet of felt 1.2 cm thick, to protect the surrounding 
space from the disturbance. The tube has two windows on both sides towards 
two mirrors ],; and /, and on each of these windows a small plane and parallel 
plate of glass P; and P2 1 cm in thickness and of an area 2.0 X2.0 cm? is ce- 
mented firmly with Canada balsam. The distance between the internal sur- 
faces of these glass plates was 5.9 cm. For the purpose of compensation an- 
other pair of plane and parallel plates of glass P;,P, was placed between two 
other mirrors /;,]/, of the interferometer. 

As a source of the detonation wave, a spark gap G,; was used and in what 
follows this gap will be referred to as the sound gap. To restrict the condition 
of the sparking, the spark length was always maintained at 2.6 cm, the 
spark always taking place in a free atmosphere. At a distance of 30 cm from 
the sound gap, a wide cork plate B 55 X55 cm? in area was placed, which has 
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a rectangular hole in the center. This hole has an area of 5.15.5 cm? 
and attached to it are two short tubes having the same cross section. One, 
A, which faces towards the sound gap G; is made of thick paper and is 7 cm 
in length, the other facing towards the interferometer is of dry wood and 
is connected with the other tube by a rubber band. After several trials, 
it was confirmed that at this distance between the cork plate and the sound 
gap, and with the precautions taken at the hole, any complications arising 
from reflections or diffractions of waves at the mouth of the tube could be 
completely obviated as the wave-length is short compared with the sectional 
dimension of the tube. The disturbance entering the observing tube is to 
be considered a plane wave. The wave diffracted from the edge of the cork 
plate arrives also at the observing space somewhat later and after the main 
wave has already passed through that space. We can distinguish them on 
the photograph. 
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Fig. 2. Circuit diagram of shutter and spark system. 


The time-interval in which the detonation wave is passing through 
the observing space is very short in duration, and therefore to obtain a 
record of the displacement of the interference fringes in this short interval 
it is necessary to devise a means by which the whole arrangement operates 
effectively and automatically. For this purpose, the following arrangement 
as shown in Fig. 2, was adopted and worked quite satisfactorily. Circuit 1 
contains the sound gap G,, another gap Ge, which will be referred to asthe 
starting gap, and a Toepler influence machine (plate number 35) in series, 
with two Leyden jars C,, C; having a capacity of 0.0029 m.f.d. and a kilo- 
voltmeter V in parallel. The inductance of this circuit was not measured, 
but from the construction of the circuit, it is estimated to be very small. 
Circuit II contains a small coil with an iron core m, a gap ¢ made of elastic 
brass strips, which will be called the contact gap, and secondary batteries 
in series, with a large condenser C; in parallel. Circuit III contains a coil 
with a soft iron core M, batteries and a key in series. They were carefully 
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adjusted so that the three centers of the coil M, the contact gap ¢, and the 
starting gap G2 come on one and the same vertical line and the distance be- 
between them can be altered at will. 

The photographic system consists of a rectangular camera box and a 
shutter system specially designed. A rotating drum round which the photo- 
graphic film is wound is ‘placed in the box; the diameter of the drum is 15.3 
cm and the rotational velocity can be regulated in the range of from 2500 
to 3800 revolutions per minute by varying the current intensity passing 
through a d.c. motor. The shutter system is attached on one side of the box 
and consists of two parts; the fixed slit s; of an area 3.56.0 mm,? and the 
other slits. The latter can be moved freely over the former, and its breadth 
is made adjustable in order to control the duration of the exposure. On 
one side of this slit near the coil m in circuit II a small hook & of soft iron is 
provided which rotates round an axis. By passing an electric current through 
circuit II, the coil m attracts one end of the hook # and the movable slit 
Se falls easily over the fixed one. Thus the light from the interferometer 
falls on the photographic film at the proper moment and for the time- 
interval required. 

The light from an arc lamp falls on the mirror J, of the interferometer 
in the direction as shown by the arrow R in Fig. 1, and after passing through 
the interferometer and the condensing lens L forms a 3.5 times magnified 
image of the interference fringes on the film. To protect the light intensity 
from the loss due to the several reflections and to shut out the disturbing 
light flux, we have used, as A. Raps did, a large condenser 22 cm in diameter, 
a diverging lens, with a slit between the diverging lens and the first mirror 
of the interferometer. By means of a cylindrical lens of short focal length 
inserted in front of the film, a well illuminated sharply defined image of the 
fringes was obtained on it. As the heating effect of light carries the fringes 
continuously in one direction, frequent adjustment was required to bring 
the white fringe back to the center before we could get any photograph. 


EXPERIMENTAL RESULTS AND DISCUSSION 


At first, after closing circuit III containing coil M, a small iron ball 
was put in contact with the core of the coil, the distance between coil M 
and the contact gap /, and that between the gap ¢ and the starting gap G» 
being properly adjusted. Then, two Leyden jars C, and Czin circuit I were fed 
by the influence machine until the voltmeter showed the constant voltage, 
34 K.V. 

On opening circuit III of the coil M with the key, the ball d falls down be- 
tween the contact strips ¢ and closes circuit II, coil m attracts one end of the 
hook h and the movable slit slides over the fixed one. After a lapse of time as 
short as that taken by the ball to fall from the gap ¢ to the gap Gz intense 
sparks are emitted at the starting gap, and at the sound gap simultaneously, 
and the disturbance of the air propagates into the observing tube. By 
properly adjusting the distance between coil M and the contact gap ¢ and 
that between the contact gap / and the starting gap Gs, it is possible to open 
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the slit at the right moment, and to allow the light to fall from the interferom- 
eter and the lens on the the film for the required time-interval during which 
the wave is passing through the observing portion of the tube. 

Thus by opening circuit III only all parts of the apparatus operate effect- 
ively and automatically, the registration of the displacement of the interfer- 
ence fringes being obtained. 





























Fig. 3. Displacement of interference fringes obtained by Michelson’s interferometer, due 
to a sound produced by a spark. 


In the annexed plate, some of the photographic records obtained are re- 
produced. The length of the line underneath each photograph represents 
the time scale of 1/1000 sec. The sense of wave propagation is from right 
to left. Taking the refractive index of air as 1.00027, the pressure variation 
corresponding to the shift of one fringe is about 15 mm of Hg. 
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Photographs a, b, and c show the variation in the density of the air caused 
by a wave coming from the sound gap at a distance of 46 cm, 140 cm, and 
280 cm, respectively. 

Photograph d. Here the sound wave is produced at a distance of 46 cm, 
but it enters the observing tube after passing through a thin membrane of 
paper stretched at the end of A. The thickness of the membrane was 0.022 
mm and the density was 0.0032 grams per square centimeter. The photo- 
graph shows that a strong reflection had taken place as the oscillation was 
rapid in spite the thinness of the film. 


Photographs e and f. In both cases the sound wave was produced at a 
distance of 46 cm, the left is an advancing wave while the right is one re- 
flected from a hard rubber wall fixed 8 cm and 5 cm apart, respectively, 
from the observing windows. It will be seen that many small waves follow 
the main wave, and by adjusting the position of the reflecting surface, the 
interference takes place between the advancing and the reflected waves as 
shown in f. 


Photograph g. In this case, a long wooden tube connecting the whole 
space between the sound gap and the observing tube was used and the sound 
wave was produced in this tube. The distance between the sound gap and 
the observing windows was 100 cm. It will be seen that owing to the repeated 
reflection of the wave on the inner surface of the tube, many waves caused 
by these reflections follow the main advancing wave. 

Photograph h. Here the wave was also produced in the tube and the gap 
was placed in a position 32 cm apart from the observing windows. In this 
case, the inner surface of the tube as far as 22 cm from the gap was covered 
with acloth having a thickness of 2mm in order to absorb the reflected waves. 
It is remarkable that the record obtained has quite the same appearance 
as that obtained by S. Garten in his experiment with the soap film, though 
the wave-length has a different order. We also constructed another tube 
covered with a sheet of felt 1 cm thick to absorb the reflected waves more 
perfectly, and got a record, in which the same fine waves appeared as in the 
former case, but there was not the pressure shift as a whole. It will be 
interesting to investigate the cause of modification of the wave, but it is not 
easy to find a satisfactory explanation. 

On examining all the records obtained carefully, it will be concluded that, 
(1) the detonation wave due to a condensed spark discharge is a conden- 
sation and not a rarefaction wave. O. Lummer has divided the explosion 
waves in two classes: (a) the condensation wave due to an explosion of a 
compact mass (bullet, whip, meteor, explosive materials) (b) the rarefaction 
wave due to a vacuum excitation (lightning, discharge of a Leyden jar, 
explosion of a glow lamp), but, in our experiment, the direction of the dis- 
placement of the interference fringes is always that of the increasing pressure 
and the wave must be of a condensation type. The result is in accordance 
with that found by S. Garten. 
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(2) The detonation wave is a solitary wave. The wave is in all cases 
quite a solitary one as shown in the reproductions. This means that the mo- 
tion of the air at the origin of the disturbance is rapidly damped. 

(3) The wave form of the detonation varies as it is propagated onwards. 
The detonation is a very rapid motion of the air and there results a finite 
variation of the density. The propagational velocity and the wave-form of the 
waves having a finite amplitude was a subject of theoretical investigation by 
Poisson,'? Riemann,'® and Lord Rayleigh,'® and it was concluded that the 
propagational velocity of the air disturbance is a function of the density 
of the air and the wave-form varies as the wave proceeds onwards. From 
the record obtained by us, it will be clearly seen that the period of the oscill- 
ation of the air increases with the distance from the origin of the detonation, 
as shown in Table I, and a sketch showing the variation of the wave-form 








TABLE | 
Distance Period 
46cm 1/15000 sec 
73 1/13000 
140 1/10000 


280 1/10000 


is also given in Fig. 4. According to L. Foley,’ at the distance at which we 
observed, the velocity of the sound wave from a spark has already fallen 














FiOmm 
46cm 
I x10™*sec 
FlOmm \/ 
40cm 
| x10~Sec. 
klIOmm ET 
280 cm 
1x10~4sec 
Fig. 4. 


nearly to the normal value. Therefore the wave-length increases at the same 
rate as the wave proceeds onwards. 


17 Poisson, Jour. d. l’ecole Polytechnique VII, 319 (1808). 
18 B. Riemann, Ges. math. Werke p. 165. 
18 Lord Rayleigh, Proc. Roy. Soc. London A84, 247 (1910). 
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It will be interesting to compare our result with others obtained in the 
case of a detonation due to some other cause. Recently, F. Ritter?® has 
observed the variation of the wave-form in the case of the detonation 
of an explosive material, and he concluded that, (1) the period of positive 
pressure is smaller than that of the negative pressure, while the absolute 
value of the pressure variation on the positive side is greater than that on 
the negative, (2) the amplitude of the pressure variation diminishes and the 
wave-form approaches gradually to the sine curve as the wave proceeds 
onwards. 


20 F. Ritter, Beitriige z. Phys. d. freien Atmos. 12, I, (1925). 
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THE VARIATION OF DIELECTRIC 
CONSTANT WITH FREQUENCY 
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RESEARCH LABORATORY OF THE GENERAL ELECTRIC COMPANY, SCHENECTADY 


(Received October 22, 1929) 


ABSTRACT 


Measurements of dielectric constants were made of solutions of nitrobenzene 
and para-dichlorobenzene in mineral oil of high viscosity at three concentrations. 
A decrease in dielectric constant of nitrobenzene with increasing frequency is found. 
Para-dichlorobenzene shows no dispersion effect. An approximate value of the 
relaxation time for nitrobenzene is calculated from the Debye formula after cor- 
rections are made for molecular associations. The diameter of the nitrobenzene 
molecule calculated from it is of the right order of magnitude. 





I. THE SystEM NITROBENZENE— MINERAL OIL 


DECREASE in the dielectric constant of certain liquids with increase 

in frequency of the applied field was first observed by Drude’ and after- 
ward by others.2, An explanation of the effect was proposed by Debye*® 
which can be briefly summarized as follows: A substance containing dipoles 
will become polarized in an electric field because the dipole molecule is an 
electric doublet. There will be polarization due to orientation and defor- 
mation respectively. 

The polarization due to orientation will decrease as the frequency of the 
field is increased, and will vanish when the frequency becomes sufficiently 
high. Under the latter condition the dielectric constant of the medium will 
become equal to N?, where N is its refractive index. The transition from 
orientation to pure distortion should occur in the frequency region V, 
defined by the equation V.r where 7 is defined by Debye as the time of re- 
laxation of the liquid, i.e., the time required for the molecules to assume ran- 
dom distribution after the field is cut off. 

In his theoretical treatment* Debye assumes the molecule to be a sphere, 
the dilution to be infinite, the inner friction to be the same as the measured 
viscosity and the Stokes’ formula for inner friction to hold true. By the aid 
of the Einstein theory of the Brownian movement he derives a partial differen- 
tial equation defining the distribution function of the dipole moments when 
affected by a field of variable frequency and shows that 


1 Drude, Zeits. f. Phys. Chem. 23, 267 (1897). 

20. v. Baeyer, Ann. d. Physik 17, 30 (1905); F. Eckert, Verh. deut. physik. Ges. 15, 
307 (1913); H. Rubens, ibid. 17, 335 (1915); E. F. Nichols and J. D. Tear, Phys. Rev. 21, 
587 (1923); J. D. Tear, Phys. Rev. 21, 600 (1923); R. Bock, Zeits. f. Physik 31, 534 (1925) 

3 Debye, Ber. 15, 777 (1913). 

* Debye, “Polar Molecules,” Chemical Catalog Co. N. Y., 1929, chapter V. 
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where 7 is the relaxation time, ¢ the inner friction coefficient, a the radius 
of the molecule, k the Boltzmann constant and T the absolute temperature. 

If the period of the external field is greater than 7, the dielectric constant 
of a dipole liquid should have a high and constant value, but as the period 
of the field approaches 7, there will be a rapid decrease in dielectric constant 
and for very high frequencies it will become equal to the square of the re- 
fractive index of the substance. The effect is then analogous to anomalous 
dispersion in optics. 

The results of several investigations? have indicated a dispersion effect 
in polar liquids. The most recent work in this field is by Mizushima® and by 
Kitchin and Miiller.6 The former measured the dielectric constant of certain 
alcohols at different temperatures for wave-lengths of 57.8 cm and 3.08, 
9.5 and 50 meters respectively and found a dispersion effect with temper- 
ature as would be expected from formula (1). Kitchin and Miiller measured 
the dielectric constant and power factor of rosin oils at different temperatures 
for frequencies of 60, 10°, and 10’ cycles. 

To make a proper test of the dipole theory of Debye it is necessary to 
study very dilute solutions of a polar substance in a non-polar solvent. This 
method of procedure is analogous to that which makes possible the deter- 
mination of the electric moment of a molecule in dilute solution in a non- 
polar solvent.‘:’ It is, of course, impossible to determine the electric moment 
of a molecule from its dielectric constant and density data as a pure liquid 
or solid. However, if determinations of the dielectric constant are made at 
different frequencies for different concentrations it is possible to find by extra- 
polation the critical frequency for infinite dilution. It was therefore decided 
to arrange experimental conditions to conform as nearly as possible to these 
requirements. A mineral oil solvent of high viscosity was selected so that 
dispersion would begin to show at ordinary room temperature for wave- 
lengths as long as 34 meters. The dielectric constants were measured at one 
temperature for three different concentrations of nitrobenzene. In this man- 
ner it is possible to find the approximate value of the critical frequency at 
infinite dilution for nitrobenzene. 


2. EXPERIMENTAL METHOD 


A simple resonance circuit was used to measure the dielectric constant of 
solutions of nitrobenzene and of a solution of para-dichlorobenzene in mineral 
oil. Two variable standard air condensers and a variable experimental con- 
denser or dielectric cell were connected in parallel. The high frequency cur- 
rent in each case was supplied by a quartz crystal oscillator. The wiring dia- 
gram is shown in Figure 1. Three different crystals were used in the oscillat- 


5 Mizushima, Sc. papers Inst. of Phys. & Chem. Res. Japan, 5, 79, 201, and 9, 166, 209. 
6 Kitchin and Miiller, Trans. A.I.E.E. 48, 2, 495. Phys. Rev. 32, 979 (1928). 
7 Williams, Phys. Zeits. 29, 174, 204, 683, (1929). 
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ing circuit, so that by the use of the fundamentals and second harmonics 
six wave-lengths were made available for measuring dielectric constants, 
viz. 154, 98, 77, 68, 49, and 34 meters. Wave-lengths were measured by 
standard wave meters. Detection of resonance was made by a vacuum tube 
voltmeter which was found to have advantages as compared with a vacuum 
thermocouple. All the apparatus was inclosed by an earthed screen. Values 
of the dielectric constants were also determined by means of a heterodyne 


heat method previously described by one of us* at 300 and 150 meters respec- 


tively. A capacity bridge built by the General Radio Company, Cambridge, 
Mass. was used for measurements at 1000 cycles. 

The following procedure was followed in the determination of a dielectric 
constant: The dielectric cell was calibrated by measuring its capacity when 
its plates were covered with carefully purified benzene. The benzene was 
assumed to have a dielectric constant of 2.280 at 25°C. 
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Fig. 1. Wiring diagram. A, quartz crystal; B, 60 M.H. choke; D, PT-210 
pliotron; E-G, standard condenser; F, test condenser. 


The test condenser was filled with benzene and the scale set at zero. The 
circuit was then brought to resonance by adjusting one of the standard con- 
densers and the reading on the latter noted. The test condenser was then 
set at 20.0 on the scale and resonance obtained as before. The difference in 
readings of the standard condenser is the capacity change of the test cell 
between 0 and 20 on its scale. The test cell is then filled with the liquid of 
unknown dielectric constant and the same procedure is followed. This 
method of measurement, already described in the literature,’ possesses the 
great advantage, that it is not necessary to make any correction for the capa- 
city of the lead wires. The error involved in capacity measurement is 1 
percent, so that the error in each dielectric constant is of the order of mag- 
nitude of 2 percent. 

The dielectric constants for each of the solutions studied were measured 
at 154, 98, 77, 68, 49 and 34 meters respectively and at 25°C. Dielectric 
constants of benzene and of the mineral oil base were also measured at the 
different wave-lengths and the values obtained were found independent of 
wave-length, which is to be expected as they are non-polar liquids. Viscosity 


8 Williams, Jr. Amer. Chem. Soc. 49, 1676 (1927), 50, 2332 (1928). 
® Williams and Krchma, Jr. Amer. Chem. Soc. 48, 1888 (1926). 
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measurements were made with a Stormer viscosimeter. The refractive in- 
dices of the different solutions were measured by an Abbé refractometer. 

It would be desirable to have measurements of the dielectric constants 
of the solutions at shorter wave-lengths than was possible using the quartz 
crystal controlled oscillators, in order to determine completely the dispersion 
curve. In the time at our disposal it was not possible to make measurements 
at shorter wave-lengths. “However, in the curves to be presented the approx- 
imate courses of the lines from the 34 meter point to the value of the dielectric 
constant as calculated from the refractive index are shown drawn in dotted 
line. 

As has already been indicated the advantage of working with dilute solu- 
tions of a polar liquid in a non-polar solvent is that any effect of molecular 
associations can be eliminated by an extrapolation to infinite dilution. An- 
other advantage of the method used is that by working at a single temper- 
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Fig. 2. Variation of dielectric constant with frequency. 


ature no corrections will have to be applied because of change of dielectric 
constant due to density variation with temperature. Correction for the latter 
effect does not seem to have been made in the work of Mizushima and of 
Kitchin and Miiller, and these investigators, as well as their predecessors, 
did not work with dilute solutions. 

Ordinarily the dielectric constant of a liquid or of a solution decreases 
with increasing temperature. In the region of anomalous dispersion, however, 
for a given frequency the dielectric constant will increase as the temperature 
increases. Therefore, the curve obtained in this region will be the resultant 
of the two effects, and the dielectric constant curve over a considerable range 
of temperature for a constant frequency will pass first through a minimum 
and then through a maximum. Such curves were actually obtained by us, 
but the correction for the change due to the simple density effect could only 
make the results more uncertain. It must be pointed out that the formulae 
of Debye are applicable to experiments at constant temperature with vari- 
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able frequency, and cannot apply directly to experiments made at constant 
frequency with variable temperature. 


3. RESULTS 


The results of the experimental work are given in Figure 2, where curves 
I, II, and III have been constructed from the data of Tables II, III, and IV. 
Table I gives the results of measurements made upon the mineral oil base. 
Table V gives the results of a similar set of measurements upon a solution of 
para-dichlorobenzene, a non-polar substance, dissolved in the mineral oil 




















base. 
TaBLeE I. Mineral oil base. 25.5°C. , TABLE IV. 9.5 gr. Nitrobenzene per 100 
Viscosity 28.7 poises. gr. mineral oil. Temp. 25°C. n=1.485. Vis- 
cosity 13.0 poises. 
Wave-lengths Dielectric 
(meters) Constant Wave-lengths Dielectric 
(meters) Constant 
3X 107 2.13 
93 2.16 3X 107 3.60 
| 32 2.15 300 3.55 
154 3.50 
77 3.38 
46 3.17 


j TABLE II. 20.4 gr. nitrobenzene per 100 gr. . 220 
of oil. Temp. 25.5°C: n=1.488 (Refractive a . 




















Index). Viscosity 7.7 poises. 
a ——— TABLE V. 10 gr. para-dichlorobenzene 
(a in 100 gr. of oil. 
154 4.94 
98 4.91 Wave-lengths Dielectric 
77 4.87 (meters) Constant 
49 4.70 
34 4.50 154 2.29 
n? 2.22 77 2.33 
34 2.32 








TABLE III. 3.2 gr. Nitrobenszene per 100 
gr. of oil, Temp.=23.5°C. Viscosity 23.0 








poises. 
‘ 
Wave-lengths Dielectric 
(meters) Constant 
3X10' 2.65 
300 2.68 
154 2.69 
98 2.66 
77 2.65 
49 2.57 
34 2.50 





From curves I, II, and III approximate values for the wave-lengths at 
which maximum absorption takes place in the different solutions were then 
found by noting the points of inflection of the different curves. The values 
so found were then corrected for the viscosity of the particular solution as 
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compared with that of the mineral oil base since, the nitrobenzene when dis- 
solved in it materially lowers the viscosity of the medium. Since an extra- 
polation to infinite dilution is to be made, the critical wave-lengths should be 
adjusted to the viscosity of the medium. The corrected wave-lengths were 
then plotted against the concentrations of nitrobenzene in the mineral oil 
base, and by extrapolation of this curve to zero concentration there was ob- 
tained the wave-length (or frequency) at which maximum absorption for in- 
finite dilution takes place. This extrapolation is shown in Fig 3, Curve IV. 
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Fig. 3. 


It is important to note, Table V, that the dielectric constant of a solution 
of a non-polar solute, para-dichlorobenzene, in the mineral oil base was 
constant, within the limits of the experimental error. Since para-dichloro- 
benzene is a molecule of the same size as nitrobenzene and the solution 
studied had a viscosity comparable to that of the nitrobenzene solutions, it 
indicates that the dispersion of the dielectric constant which is the subject 
of this article is actually caused by the orientation of polar molecules in the 


field. 
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4. DISCUSSION OF RESULTS 


If the extrapolated value of the wave-length for infinite dilution be 
changed to its proper frequency and the result substituted in formula (1) 
the value for the diameter of the nitrobenzene molecule is found to equal 
4.8X10-* cm. X-ray studies of carbon compounds indicate the diameter of 
the nitrobenzene molecule to be between 6X10-* and 8X10-8 cm. It is 
evident then, that the Debye formula when applied to these experiments 
gives values of the right order of magnitude. However, the evidence from 
the present experiments is not sufficient to draw definite conclusions as to 
whether or not the Debye formula in its present form is correct. 

The values of molecular radii calculated by Mizushima from his dispersion 
experiments agree well with those determined by other methods except in 
the case of glycerine. The calculated radius of the latter molecule, viz. 
2.8 10-* cm is obviously much too small. Bock!® also finds that the Debye 
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10 Bock: Zeits. f. Physik 31, 534 (1925). 
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formula apparently does not hold in the case of glycerine. The suggestion 
is made that as the viscosity of glycerine is abnormally great, it is very 
doubtful if ¢ in the Eq. (1) is the true inner friction coefficient. Even if cor- 
rections could be made for viscosity effects, differences between the actual 
and experimentally determined molecular radii would probably exist because 
the above mentioned experiments have not been designed to eliminate the 
effects due to associations and segregations of molecules. In addition to 
this, the Debye formula is derived on the basis of the following assumptions 
which may or may not effect the case under discussion. 

I. The molecules are spheres (glycerine molecules must be very irregular 
in shape). 

II. The Stokes’ expression is correct for a molecule rotating in a viscous 
medium consisting of molecules of other odd shapes. 

Kitchen and Miiller calculate the relaxation time from power factor mea- 
surements on wood rosin, mineral oil, and castor oil, instead of using dielec- 
tric constant measurements. It appears that their molecular diameters should 
be larger than they have reported. The formula used by Kitchin and Miiller 
(See also Kitchin Trans. A. I. E. E. 48, 495, (1929)) differs by a factor 27 
from formula (1)). Using formula (1) the value of the radius of rosin becomes 
8 X10-* cm instead of 4.8X10-* cm as reported. The value for the radius 
of castor oil given is 2X 10-* cm, and it should be increased by a correspond- 
ing amount. Even making these corrections the present authors can not agree 
with the statement, ‘““The fact that these results are comparable with molec- 
ular sizes obtained by entirely different method (x-rays, spreading of oil 
films, etc.) gives a striking proof of the fundamental correctness of the orien- 
taion theory.’’ These substances, rosin and castor oil, in addition to not being 
pure chemical compounds, consist of molecules containing between eighteen 
and twenty carbon atoms. One would expect, therefore that their radii would 
be of the order of magnitude 20X10-* cm to 3010-8 cm. 

Mizushima’s calculated values of molecular radii for molecules in liquids 
of low viscosity agree well with the values obtained by other methods. How- 
ever, if corrections are made for association the calculated radii would be 
larger. The same considerations apply to the results of Kitchin and Miller. 

The Debye theory of dipoles is also of interest from the standpoint of 
dielectric losses in insulating materials. The problem of the heating of die- 
lectrics in rapidly alternating fields has long engaged the attention of many 
investigators. It has been assumed by some that power losses are due to so- 
called dielectric hysteresis and that Joule’s law does not apply. Joffé" and 
his co-workers have shown that if Joule’s law be properly applied it satis- 
factorily explains the dielectric losses in the substances they have examined. 
One of us (J. H. L. J.) when working with conducting liquids in high fre- 
quency fields, found that the major part of the heat developed in the liquids 
could be explained on the basis of an RJ* loss. However, it is probable that a 
part of the losses are due to dissipation of energy during dipole orientations 


1 Joffé, “Physics of Crystals,” McGraw-Hill Book Co., 1928, pg. 144. 
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and a careful investigation should be made of this point. A rough calculation 
of the heat losses due to dipole orientation can be made. The orientation 
energy of nitrobenzene molecules for a frequency 10’ cycles per second would 
be 5 X10* clas. per sec. per cubic centimeter, provided all the molecules were 
oriented. This orientation energy is given by the quantity uF where yu =elec- 
tric moment of the molecule, and F=field strength of 300 volts per cm. 
However, only the fraction 


e#F /KT=2.5X10-° 


are oriented, so that the energy dissipation per sec. per cubic centimeter 
would be approximately 1X 10-? cal. 

When dielectrics such as water containing ions are placed in a high fre- 
quency field it is found that the resulting power losses are very much greater 
than the value calculated assuming that dipole orientation is the cause of the 
heating effect. It would appear, therefore, that the contribution of dipole 
orientation to the dielectric loss in such cases is negligible. 

The work is being extended and continued. 
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ERRATUM 


A Correction to “The Propagation of Schroedinger Waves in a Unifor 

Field of Force.”” G. BREIT. Vol. 32, p. 273 (1928). 

In my paper having the above title I have made a-mistake in the sign of 
a/B as used in formula (9). A simple way of seeing that the sign is wrong is 
to write ¢'/2J,/3(2¢9/2) and ¢"/2J_,/3(3¢9/?) as power series in ¢. The first is 
of the type aio—ag04+a7e7— ---and the second is similarly a)—a;f* 
+a,f*— - -- where all the a; are positive. For negative ¢ the first series 
contains only negative terms while the second has all terms positive. Both 
series become infinite and therefore a/8 = —1 cannot be right. The correct 
value for a/B is +1. 

The correction changes formula (13) into K = (J_2/3— J2;s)/ (Sis +J—1;s). 
The result for the phase is that the peculiar kink in the curve of € against x 
disappears. I obtain now for 
k=0, 0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 2.0, 6.0, 8.0 
€=90°, 35.9°, 18.2°, 5.0°, —5.9°, —27.3°, —47.5°, —68.7°, —298.5°, —413.1° 
For large x the asymptotic behavior of € is e= —x+45°. 
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Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the firstissue of the month, the twenty-eighth of the preceding month; 
for the second issue, the thirteenth of the month. The Board of Editors does not 
hold itself responsible for the opinions expressed by the correspondents. 


The Effect of Intense Electric fields on the Photoelectric Behavior of 
Alkali Films on Tungsten 


It is well known that thermionic emission 
from a filament does not attain a saturation 
value, but increases indefinitely as the voltage 
drawing the electrons off is raised. For pure 
metals this lack of saturation is small and was 
first regarded by Schottky [(Phys. Zeit. 15, 
872 (1914)] as due to a slight reduction of the 
thermionic work function by a partial anni- 
hilation of the image field. The work func- 
tions of composite surfaces such as caesium 
and oxygen on tungsten exhibit a much 
greater dependence on impressed electric 
fields, and the experiments of Becker and 
Mueller [Phys. Rev. 31, 431 (1928)] have 
shown that very considerable portions of the 
effective work functions of such surfaces are 
due to electrostatic fields of ion layers which 
are of measurable magnitude 10-* cm away 
from the surfaces. Their work made it clear 
that the photoelectric behavior of such sur- 
faces should also be appreciably altered by ap- 
plication of electric fields of easily attainable 
magnitudes. Suhrmann [(Naturwiss. 16, 33 
(1928)] has shown qualitatively that such an 
effect exists, having observed that photo- 
electric emission by wave-lengths near the 
threshold increases as the field drawing the 
electrons off is increased. 

We have begun a study of the photoelectric 
behavior of metal surfaces in strong fields, 
with the ultimate objective of gaining in- 
formation on the nature of electrostatic forces 
near surfaces which perhaps thermionic stud- 
ies cannot so uniquely determine. Our initial 
experiments show, as the work of Becker and 
Mueller suggested, that the photoelectric 


threshold of films of the alkalies are shifted by 
large amounts toward the red by application 
of quite ordinary electric fields. Thus, a field 
of 69,000 volts/cm at a surface of potassium 
on oxygen on tungsten extends the photo- 
electric threshold in the infra-red from 8800A 
to 10,600A. This corresponds to a reduction of 
the work function of the surface of about 0.23 
volts. A field of 49,000 volts/cm removes the 
threshold of a pure potassium film on tung- 
sten from 5600A to 5900A, corresponding to 
a reduction of the work function by 0.12 volt. 
It is of particular interest to record further 
that our initial data indicate that not only 
thresholds but the whole spectral sensitivity of 
the surfaces over the whole range investigated 
is shifted towards the red approximately to 
this extent. 

Presumably larger reductions of the photo- 
electric work functions could be accomplished 
by application of more intense electric fields 
were it not for the setting in of field currents. 
We find that auto-electronic emission (107 
amp.) begins at fields of the above magnitude. 
Despite this limitation set by field currents, 
the present results show that the observation 
of the dependence on electric fields of the 
photoelectric behavior of metals constitutes 
a powerful method for the study of electro- 
static surface forces. 

ERNEsT O. LAWRENCE 
Leon B. LinFrorp 


University of California, 
Berkeley, California, 


November 18, 1929. 
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Note on the Value of the Electric Charge 


The new value of e obtained by Bearden 
from the wave-length of x-rays agrees nearly 
with the value obtained from Eddington’s 
theoretical equation hc/27e? = 136 but is about" 
one percent greater than Millikan’s oil drop 
value! 4.774 X 167". 

The oil drop method involves extrapola- 
tion from the observed values by means of the 
empirical equation 10%e?/*=61.13+1/26.2pa 
where e; is the observed value, p the gas 
pressure and a the radius of the drop. The 
true value of e is taken to be that given 
by this equation when 1/pa=0 so that 
108e?/3 = 61.13. This equation represents the 
observed values extremely well so that there 
would be no reason to doubt its validity if 
other estimates of e agreed with the oil drop 
value. 

However in view of the discrepancy just 
mentioned it seems to be worth while to see 
if an empirical equation can be found which 
will represent the oil drop results and also 
give a value of e more nearly equal to that 
found by Bearden and Eddington. I find that 
the equation 10%e,?/*=61.48+-1/(26pa+350p*a?) 
represents Millikan’s values of e; very well 
and it gives 10%e?/*=61.48 when 1/pa=0. 
This gives e=4.82 X10~" in good agreement 
with Bearden’s and Eddington’s values. 

The following table gives some values of 


10%e,?/* calculated by means of the two em- 
pirical equations. 


1/pa.61.48+1/(26pa+350p*a?) 
61.13 +1/26.2pa 


10 61.64 61.51 
20 61.94 61.89 
30 62.28 62.28 
50 63 .00 63 .04 
100 64.87 64.95 
200 68 .68 68.77 
300 72.52 72.58 
400 76.35 76.38 
500 80.21 80.21 
600 84.06 84.03 
700 87.88 87 .83 


It appears that the two equations give prac- 
tically equal values of 10%e,?/* for the range of 
values of 1/pa covered in the oil drop experi- 
ments. We may therefore conclude that the 
oil drop experiments do not definitely ex- 
clude the higher value of e. 
Rice Institute, 
Houston, Texas, 
November 18, 1929. 
H. A. WiLson 


1 Probable Values of the General Physical 
Constants. R. T. Birge, Physical Review 
Supplement, 1, 1 (1929). 


Reflection of Protons from Crystals 


I have recently found that hydrogen canal 
rays give a complex reflection pattern when 
they are allowed to fall on a cleavage face 
of acalcite crystal at almost grazing incidence. 


Fig. 1. 


Fig. 1 shows one of these patterns (enlarged 
three diameters). The crystal was placed 
horizontally and was held by a wire spring 
bearing on the top. A narrow bundle of the 


rays struck the crystal underneath the wire, 
which was not in absolute contact with the 
crystal at the center point. Secondary elec- 
tron emission from the wire could be depended 
on to prevent any charging up of the surface. 
Some of the canal rays passed over the sur- 
face of the crystal without hitting it and fell 
on the photographic plate 15.5 cm distant, 
giving rise to the central spot seen at the 
bottom of the first photograph. This spot 
appears white because of solarization of the 
plate due to the concentrated neutral bundle. 
The upper part of the figure shows positive 
particles reflected from the surface of the 
crystal. It consists of a series of curved and 
straight lines forming a regular pattern which 
is not perfectly symmetrical about the ver- 
tical axis. By increasing the angle of inci- 
dence the central spot was cut off and the 
figure was considerably altered. The figure 
has a certain resemblance to the secondary 
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lines obtained by many authors with x-rays 
using the rotating crystal method of analysis 
(Sir William Bragg; “An Introduction to 
Crystal Analysis” 1928, p. 38), however the 
angular divergence of the original bundle was 
hardly large enough to give the variation in 
the angular deflections actually observed. A 
more promising interpretation is that the 
lines are due to diffraction of the rays at the 
two dimensional gratings formed by the rows 
of atoms in the crystal surface. 
By applying a magnetic field it was found 
hat the whole pattern was shifted as shown 


Pa 


Fig. 2. 


n Fig. 2. The arrow shows the direction of 
the force on a positive particle, and its 
length indicates the distance in the figures 
that subtends an angle of 0.01 radian. As 
the blackening of a photographic plate by 
positive hydrogen canal rays is chiefly due 
to charged hydrogen atoms, we may con- 
clude that the pattern is caused by the 
iiapact of protons. It is very significant 
that no undeflected pattern was observed, 
although neutral hydrogen atoms are present 
in large numbers in a canal ray beam. The 


theories of wave mechanics would not at 
present distinguish between the wave-lengths 
associated with a proton and a neutral atom 
of the same velocity. Since the magnetic 
field does not destroy the lines, we may con- 
sider the different points as corresponding to 
particles of different velocities. A line is 
thus a velocity spectrum of the protons; or, 
in terms of wave mechanics, a diffraction 
spectrum of their equivalent wave-lengths. 
A determination of the wave-lengths in- 
volved in the formation of the reflection pat- 
tern is a point of great interest. The maxi- 
mum potential on the discharge tube was 
approximately 40,000 volts and a magnetic 
analysis showed that the positive ions were 
distributed over a considerable range of ener- 
gies fromapproximately 40,000 to 15,000 volts. 
The de Broglie formula \=h/mv gives equiv- 
alent wave-lengths of 0.0014A to 0.0023A, 
and with the Bragg equation nm\=2d sin 8, 
the angles are much smaller than those ob- 
served. The wave-lengths required if we use 
the Bragg equation are approximately those 
given by the de Broglie formula for 40,000 
and 15,000 volt electrons. The angles given 
by diffraction at grazing incidence from the 
two dimensional grating formed by the atoms 
in the crystal surface, agree approximately 
with the observations using the short wave- 
lengths of 0.0014A to 0.0023A and it is pos- 
sible that a satisfactory interpretation of the 
patterns will be reached on this basis. 


A. J. DEMPSTER. 
Ryerson Physical Laboratory, 
University of Chicago, 
November 25, 1929. 


The Effect of Second Order Zeeman Terms on Magnetic Susceptibilities in the Rare 
Earth and Iron Groups 


As one of us has emphasized elsewhere,' 
proper calculation of the susceptibility re- 
quires knowledge of the energy to terms of the 
second order in the field strength. Theenergy 
expression Wo+g8MH which is ordinarily 
used is only a first order one, and includes 
only the contribution of the part of the 
magnetic moment p which is parallel to the 
resultant angular momentum. Actually be- 
cause of the spin anomaly the vectorsp and j 
are not parallel, and the component ofp which 
is perpendicular to j gives rise to second order 


1J. H. Van Vleck, Phys. Rev. 31, 587 
(1928), 


Zeeman terms which have been calculated in 
the old quantum theory by Landé and in the 
new mechanics by Hill and Van Vleck.? The 
complete expression for the susceptibility is* 


yi [(62g27(7+1)/3kT) +a(j | 2j+1)eW ia? 
; Dj(2j+1) EW ia? (1) 


2A. Landé, Zeits. f. Physik 30, 329 
(1924); E. Hill and J. H. Van Vleck, 
Phys. Rev. 31, 715 (1928). 

3 See Eq. (25), p. 604 of ref. 1. The for- 
mula there given is for infinitely wide multi- 
plets, but the extension to finite widths is 
immediate. The diamagnetic term in a(j) is 
omitted in our calculations, as it is negligible. 
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where £ is the Bohr magneton he/4rmc, and 
W; is the energy of the multiplet component 
of inner quantum number j. The expression 
a(j) arises from the second order Zeeman 
terms, and is given in Eq. (26) of a previous 
paper. 

The portion of (1) which involves a(j) is 
that ordinarily omitted, and will be referred 
to as the “second part” of (1). The purpose 
of the present note is to give the effect of its 
inclusion on the numerical values of the 
susceptibilities calculated for the rare earth 
group by Hund,‘ and for the iron group by 
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theory by specializing it to the multiplets of 
maximum multiplicity consistent with the 
given number of electrons, such as are sup- 
posed characteristic of the ground state by 
Hund and others. Following Laporte, we take 
the screening constant o to be 34. Inclusion of 
the second part of (1) is seen to completely re- 
move the previous glaring discrepancy between 
theory and experiment for Eut+**, which marred 
the otherwise quite satisfactory Hund theory for 
the rare earths. The agreement for Sm*** is 
improved if one accepts Cabrera’s experimen- 
tal value in preference to St. Meyer’s. The 


TABLE I. Jons in the first half of the rare earth group. 











lon Latt* Cettt Prt** 
Multiplet type ‘S 2F 37] 
MB (Hund) 0 2.54 3.58 
MB (now) 0 2.56 3.62 
up (Cabrera) 0 2.39 3.60 
MB 0 2.77(Pr**) 3.47 


(St. Meyer) 


Na*** R*** Se*** Ee*** Gee 
‘J sy SH 1F 8S 
3.62 2.68 0.84 0 7.9 
3.69 2.87 1.83 3.56 7.9 
3.62 - 1.542 3.61 8.2 
3.51 1.32 3.12 8.1 








Laporte and Sommerfeld, and later more 
completely by Laporte.' The resulting values 
of the apparent Bohr magneton number 
Mp=([3kTx/Np?]?, also Hund’s original 
values and the experimental determinations 
by Cabrera and St. Meyer, are given in Table 
3 

The multiplets are assumed to conform to 
the ordinary cosine law, and the over-all 
multiplet width is taken to be R(2ze?/hc)? 
(Z—o)*(2L +1) /n31(21+-1)(1+1), where Ris 
the Rydberg constant, and where we have 
n=4,/=3 inthe rare earth groupand L isthe 
resultant of all the /’s. This formula for the 
over-all width is obtained from Goudsmit’s® 





TABLE II. Jons in the first half of the iron group. 





correction to Hund is seen to be important 
only for Eu*** and Sm***. The reason for 
this is that in 7F and *H multiplets the lowest 
j values are 0 and 2} respectively, and the 
component of p which is perpendicular to j 
and which gives rise to a(j) in (1), is particu- 
larly large in states of small j but large S, L. 
Also in such states it is very important to 
allow for the finite multiplet width. Hund 
took the multiplet width to be infinite, so that 
only the lowest multiplet component needed 
to be considered, but consideration of the 
finite multiplet width without the second part 
of (1) is insufficient, as Laporte,* omitting this 
part, obtained a Bohr magneton number of 








lon Sct+ Tit** Ti* 
Multiplet type 2D 2D 3F 
uw (Laporte) 12.4 10.4 15.8 
uw =e- (now) 12.9 10.9 16.8 
uw = (expt.) — - 


Vtt Cr+** 


Mn*+++ Crt+ Matt 
‘F ‘F ‘F ‘Dp ‘D 
16.1 13.0 10.0 18.6 15.7 
18.0 15.2 12.5 21.3 19.0 
18.2-19.1 19.8 23.8 25 











4F, Hund, Zeits. f. Physik 33, 345 (1925): 
“Linienspektren,” p. 179. 

5 OQ. Laporte and A. Sommerfeld, Zeits. f. 
Physik 40, 333 (1926) (infinitely wide multi- 
plets); O. Laporte, ibid. 47, 761 (1928) (ac- 
tual, finite widths). 

6S. Goudsmit, Phys. Rev. 31, 946 (1928). 








only 1.71 for Eut**. The corrections to 
Hund’s values are negligible for the ions 
Tbt** to Cp*** in the second half of the rare 
earth group, as they have inverted multiplets 
and hence their components of small j have a 
negligible Boltzmann factor. Because the 
alterations are negligible, we omit these ions 
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from Table I, also for similar reasons the 
ions iso-electronic with Mn*t*, Fe**, Cot, 
Ni**, Cu** from Table II. 

Analogous calculations can be made for the 
rare earth group, and are exhibited in Table 
II, in which Weiss rather than Bohr magneton 
numbers are employed to conform with 
Laporte’s usage. The experimental values are 
taken from Stoner’s’ survey of various meas- 
urements on solid and dissolved salts, and in 
some cases (Mn*t*, Mnt**) on oxides. We 
use the same numerical multiplet widths as 
Laporte’ and follow throughout his usage in 
taking T=300. Theeffect of the second order 
Zeeman terms is seen to be less pronounced 
than for certain rare earth ions, although the 
agreement with experiment is somewhat im- 
proved for Cr*++*+, Mn*t*+, Cr*+, Mnt**, 


7E. C. Stoner, Phil. Mag. Aug. 1929; 
“Magnetism and Atomic Structure,” p. 127 ff, 
Tables X, XI, XII. 
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The very bad disagreement (see Laporte) be- 
tween theory and experiment for the ions 
Fett, Cot+, Ni*+*, Cu** in the second half of 
the iron group, not shown in Table IJ, still 
remains, as our corrections are negligible in 
this half. It seems uncertain whether the 
discrepancies are due to incorrect assignment 
of spectral terms to the ground state or, as 
suggested by Stoner’ and others, toa different 
magnetic behavior in the solid and dissolved 
states than in the theoretical ideal gas condi- 
tion. The latter explanation would appear 
more probable for the first than second half of 
the iron group, as in the second there is 
almost no correlation between existing theory 
and experiment. 


J. H. Van VLECK AND A. FRANK 


Department of Physics, 
University of Wisconsin, 
November 27, 1929. 


Positive Ion Emission from Tungsten % Molybdenum 


The positive ion emission from tungsten 
and molybdenum has been studied in detail 
and the nature of the ions emitted at various 
temperatures has been determined by rather 
accurate mass spectrograph measurements. 
These measurements showed that molybde- 
num and tungsten both emitted positive ions 
of sodium and potassium at temperatures of 
about 1700°K. At asomewhat higher temper- 
ature (about 2000°), ions with an atomic 
weight of 27.2 were obtained which were 
attributed to ionized atoms of aluminum. The 
resolution of the mass spectrograph was high 
enough easily to distinguish the two isotopes 
of potassium and indeed these were found. All 
of these impurities disappeared on aging the 
filaments for a time at high temperature and 
at temperatures of about 2500° for tungsten 
and 2300° for molybdenum, new ions appeared 
which had the atomic weight of the metal 
emitting them. These results corroborate 
those reported by Wahlin [Phys. Rev. 34, 164 
(1929) ]. 

The temperature variation of the positive 
ion current has been measured. The positive 
ion work functions for molybdenum and tung- 
sten have been determined by plotting these 
results according to an equation developed 
from thermodynamic arguments which takes 
into account the heat capacity of the ion in 
the condensed state, etc. This equation may 
be stated in the form: 





log J = ————-+ log T iz — c T 
og 300 5+ log + ppd 
2 aT "e aT +1 2rMkre Sp 
— se ae 


+log (1-—r) 


where J is the positive ion current per cm? 
®,0 is the positive ion work function in volts 
at T=0, the metal being isolated; Cp» is the 
heat capacity of an ion in the condensed state, 
C, denotes the heat capacity associated with 
the heat of surface charging, s, is the entropy 
associated with the heat of surface charging 
at T=0, and r is the reflection coefficient of 
the ions at the metal surface. When the 
integrals have been evaluated it is possible 
to determine ®, from the slope of a curve and 
the constant term can be found from the 
intercept of the curve. The value of ©,o for 
tungsten was found to be 6.55 volts and for 
molybdenum, 6.09 volts. 


It is possible to compute the value of #, 
by a simple cyclic process. Consider an in- 
closure in which molybdenum is in equi- 
librium with its radiation at a given tempera- 
ture T and carry out the following cycle. Re- 
move an electron and positive ion from the 
metal thus requiring an amount of work 
&_7+4.,7, where $_7 and #,7 are the respec- 
tive work functions at the temperature T; 
then allow the electron to combine with the 
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ion thus producing a neutral atom and yield- 
ing an amount of energy V equal to its ionizing 
potential. Then allow the atom to condense 
on the metal thus yielding the heat of conden- 
sation Ur. The cycle is reversible and with 
the proper conception of the work functions, 
it should close, i.e. 
@,7+4_7— V—Ur=0. 

In the case of molybdenum all the quantities 
except ®,7 are known and at T=0 are; 
@_5=4.42 volts, V=7.35 volts, U»p=6.33 
volts. The value of @,9 determined from the 
above cycle is 9.26 which disagrees widely 
from 6.09 volts determined experimentally. 
In the case of tungsten the disagreement is 
even greater when a reasonable value for the 
ionization is assumed. The cycle was checked 
at 2350°K where any assumptions regarding 
surface charging, etc. were eliminated but it 
still failed to close by about the same amount. 

The constant term in the thermodynamic 
equation does not check with the one found 
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experimentally. They can be made to agree 
only if the reflection coefficient r is extremely 
close to 100 percent, so close in fact, that only 
about 1 out of 100,000 ions striking the fil- 
ament condenses. The disagreement between 
the work functions obtained from the cycle 
and those obtained experimentally has led 
the writer to make a critical survey of the 
effects that might influence the positive ion 
curren tin such a way as to yield an incorrect 
work function when the data are used in the 
thermodynamic equation. The details of this 
survey, together with the experimental 
methods used and a suggested cause for the 
discrepancy in the work functions will appear 
soon in the Physical Review. 


LiLoyp P. SMITH 


Department of Physics, 
Cornell University, 
Ithaca, New York, 


November 26, 1929. 


Change in Wave-Length by Molecular Scattering 


A recent letter by A. Bramley in the Physi- 
cal Review of October first seems to call for 
brief comment. This writer studies the action 
of a high frequency electric field (order of one 
meter wave-length)on a monochromatic light 
beam in its passage through a Kerr cell, con- 
taining water as its dielectric. 

The observations indicate (1) that the light 
is almost completely scattered at small angles 
with respect to the direction of the primary 
beam; (2) that the wave-length of the scat- 
tered light is displaced towards the red, this 
change being 0.06A. ; 

Now I have already shown (Journal de 
Physique, February 1929, p. 6; Comptes- 
rendus de | Ac. des Sc. d. Paris, 25 March, 
1929, p. 907) that the wave-length of a mono- 
chromatic radiation is always modified by 
molecular scattering in gases and liquids, 
without it being necessary to put the gas or 
liquid in a Kerr’selectric field. The light scat- 
tered at 90° to the direction of the incident 
beam shows a change in wave-length towards 
the red of about 0.05A, 7.e. nearly the same 
as that reported by A. Bramley. My own 
observations give the following results: 


methy] alcohol Ad =0.065A 
ethy! alcohol 50 


n. proply alcohol AA =0.070A 
acetic acid 55 
cyclohexane 60 
benzene 35 
P Br; 55 


Therefore I think that the phenomenon ob- 
served by A. Bramley does not depend on the 
light frequency field; it isa much more general 
phenomenon, probably produced bymolecular 
agitation and collisions (see the paper pre- 
sented at the meeting of the Faraday Society, 
Bristol, September 24 and entitled Degrada- 
tion of Frequencies by Molecular Scattering). 

Furthermore the beats between the electric 
field of the incident light [A=5000A; 
N=(1/d) =20,000 cm=] and the field of the 
oscillating circuit [A=1m; n=(1/d) =0.01 
cm] would produce two secondary radia- 
tions displaced AX = +0.0025A from the inci- 
dent radiation \=5000A. The displacement 
observed by A. Bramley seems twenty times 
too large. 

JEAN CABANNES 


Institut Scientifique Franco-Canadien, 
Montreal, Canada, 


October 26, 1929. 
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An Isotope of Nitrogen, Mass 15 


The recent discovery of the oxygen isotopes 
of mass 18 and 17 by W. F. Giauque and 
H.L. Johnston [Nature 123, 318, 831 (1929); 
Journ. Amer. Chem. Soc. 51, 1436 (1929) ] 
and of the carbon isotope of mass 13 by A. S. 
King and R. T. Birge [Nature 124, 182 
(1929); Phys. Rev. 34, 376, 379 (1929) | is of 
great importance for a quantitative study of 
the structure of the atomic nuclei. Although 
no trace of an isotope of nitrogen was found 
by Birge in the emission spectrum of CN, 
he carefully points out that this might be due 
to the greater abundance of C"™ with respect 
to C, 

The absorption spectrum of NO, especially 
the (1,0) band at 2154, as well as the 
(0, 0) band at 42269, which belong to the 
system and are degraded towards the violet, 
offer a good opportunity, not only of verify- 
ing the presence of oxygen isotopes, but also 
of finding nitrogen isotopes if any exist. 
The system of NO has been analyzed partly 
by Frl. M. Guillery [Zeits. f. Physik 42, 
121 (1927) ] and partly by R. Schmid [Zeits. 
f. Physik 49, 428 (1928)]. Schmid worked 
on the particular bands in question. The 
bands have been shown to consist of doublets 
each having a Qand Phead. Of the(1,0) band 
Schmid was able to measure only the Q 
heads. The position of the P heads could 
however be calculated with the help of the 
relation Q,(J+1)—F’(J)=Pi(J) given by 
him for the initial state. This gives 46391.3 
cm for the P; head. This agrees with meas- 
urements made in the course of the present 
work. The positions of the expected isotope 
heads were then calculated by means of the 
formulae 
vs" — vy" = (p—1) [we’(n’ +4) — we’ (n’ +4) | 

— (p?—1) [we’xs' (n’ +4)? we!’x!"(n"’ +4)? ] 
for the vibrational effect and 

v2™— vy" = (p?— 1), 

for the rotational effect, where »; refers to 
the ordinary molecule N“O", The values of 
the constants corresponding to the intial 
state were calculated from Schmid’s data and 
the constants for the final state could be 
found more accurately from the analysis 
of the 8 bands of NO by F. A. Jenkins, H. A. 
Barton, and R. S. Mulliken [Phys. Rev. 
30, 150 (1927) ]. For the (1, 0) band the cal- 
culated shift (v2—v,) of the Q, head is found 
to be, for N“O17,N“O0!8 and N4O168, — 35.193, 
— 67.030, —45.729 cm™ respectively, and of 


the P; head —34.444, — 65.615, —44.758cm7 
respectively. The separation of the Q; and 
P, heads being only 27.3 cm™, all these iso- 
tope heads are expected to fall beyond the 
P, head of N“O" and it should be possible 
to observe them in so far as they do not 
overlap one another. The calculated wave- 
lengths for the isotope heads are as follows: 
Q; heads; 2155.263(NO!"), 2155.746(N4O"*) 
2156.744(NO'): P, heads; 2156.498(N"O"), 
2156.982(N%O"*), 2157.953(N4O}8), For 
the (0, 0) band the calculated shifts of the 
P, head are for N“O!7, N4O®8 and N40!16 
—3.199 cm, —6.092 cm™ and —4.157 
cm! respectively. This corresponds to the 
wave-lengths 2269.568A, 2269.773A and 
2269.617A. The lines corresponding to a 
shift from the Q,; head fall within the band, 
since the separation of the heads is 22.0 cm™, 
so that one could not expect to detect them, 

As continuous light source a hydrogen 
lamp was constructed according to Bay and 
Steiner [Zeits. f. Physik 45, 337 (1927)] 
which could be operated with a 5 K.W. trans- 
former giving about 0.5 ampere through the 
secondary. This gave a very intense continu- 
ous spectrum. The NO was contained in a 
tube 92cm in length. The tube could be filled 
with NO to any desired pressure. The light 
from the hydrogen source passing through 
the absorption tube, was photographed by 
an E&, Hilger spectrograph, having a dis- 
persion of 1.561A per mm atA2154and1.892A 
at 42269. Ascomparison spectrum the copper 
arc lines as measured by Mitra [Ann. de 
Physique 19, 315 (1923)] were used. The 
insensitivity of the plate in these regions 
was overcome by using a solution of 5 grams 
of vaseline in 0.5 liters of petroleum ether, 
according to Beach (Nature, Feb. 2, 1929). 

The photographs taken with different 
pressures of NOin the absorption tube ranging 
between 1 and 5 cm pressure, all show ab- 
sorption lines accompanying the main heads 
which look like the expected result. The 
mean values of measurements on five differ- 
ent plates give the following wave-lengths 
for the isotope heads: 


Q, heads: 2155.227(N"O"), 
2155.730(NO"*), 
2156.753(NO'). 


P, heads: 2156.493(N"O1) 
2156.982(N501*) 
2157.976(N“O}8). 
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To be absolutely sure that these bands might 
not perhaps be due to some other molecule, 
e.g. (NO):, the absorption tube was replaced 
by a tube 1.2 cm in length and filled up to 
75 cm pressure with NO. The light passing 
through this tube has to traverse about the 
same number of molecules of NO as in the 
case of the 92 cm tube with 1 cm pressure. 
If (NO): molecules were present, their con- 
centration should increase with the square 
of the pressure and the path being 75 times 
shorter, one would expect the effect due to 
these molecules to become 75 times as intense. 
The absorption of the isotope heads found 
is quite similar to that obtained with the 
92 cm tube, except that they are a little more 
diffuse, as one might expect. The measured 
shift agrees accurately with the above re- 
sults. 

The effect on the (0, 0) band is very diffi- 
cult to observe owing to its smallness. The 
wave-lengths of the displaced heads found are 
2269.605(N%O"*) and 2269.747(N"O}) which 


1499 


correspond within experimental error with 
the calculated shifts. The displaced head due 
to the N“O"" molecule could not be observed. 

At this stage it can only be said that 
NO" is about as abundant as N“O"*. The 
work is being carried on and it is hoped to 
find the abundance of N® isotope more 
accurately. At higher pressures faint ab- 
sorption lines appear beyond the isotope 
heads whose positions seem to agree with 
those calculated for N**O", but this must be 
considered doubtful until further work has 
been done. This point will also be subject 
for further research. 

I wish to thank Professor R. S. Mulliken 
who suggested the search for isotopes in 
these NO absorption bands and at the same 
time wish to thank him and Dr. A. Christy 
for their valuable advice. 

S. M. Naup&t 

Ryerson Physical Laboratory, 

University of Chicago, 
November 26, 1929. 


The Paschen-Back Effect of Hyperfine Structure 


The study of the Paschen-Back effect in 
hyperfine structure is of particular interest 
as it is the only possiblity to verify the com- 
plete theory of the gradual change of the 
Zeeman effect from weak to strong fields,as 
there are no suitable ordinary multiplets 
available for this purpose. The theory of the 
Zeeman effect for any field strength has been 
studied by Heisenberg and Jordan [Zeits. f. 
Physik. 37, 263 (1926)] and by Darwin 
[Proc. Roy. Soc. A115, 1(1927)] for the case 
of ordinary multiplets. There may be shown 
to be a very close analogy between ordinary 
multiplets and the hyperfine structure sepa- 
rations, the former being due to the inter- 
action between the resultant orbital moment 
and the resultant spin moment and the latter 
to the interaction between the total extra- 
nuclear moment andthe nuclear moment. The 
roles of s the resultant spin moment, / result- 
ant orbital moment, and j total moment in 
the ordinary multiplet structure are taken 
by 7 nuclear moment, j total extranuclear 
moment,and f resultant moment in the hyper- 
fine structure.' This correlation together 


1 Completely analogous to the case of multi- 
plets one can obtain selection rules, intensity 
relations, interval rule, and expressions for the 
magnitude of the hyperfine structure for dif- 
ferent levels. 


with the fact that the addition to the energy 
in a very strong magnetic field, due to the 
nuclear spin (£,;) and to the presence of a 
magnetic field (Z,,) is given by 


Ent Ej =(mjg+migi)woH+amym = (1) 


allows the immediate adaption of the results 
of Darwin to the hyperfine structure problem. 
One arrives at a system of equations which 
are given by the key equation? 


—Xnj-imisrs G— m;+1)(i-+-m;+1) 


» (2) 
+X mjymy(E— amymy— gmjwH ) 


—Xmjstominsy Gt my +1) (—met1) =0 


where a is the interval unit of hyperfine struc- 
ture; g is the Landé factor for the extra- 
nuclear electrons; w is the frequency of the 
Larmor precession ¢/4xmc* in cm™; H is 
the magnetic field strength in gauss; E is 
the energy displacement in wave-number 
units from the hypothetical level which would 
exist if there were no nuclear spin and no 
applied magnetic field; the X’s are the coefhi- 
cients in the expansion of the wave function 


2 The interaction energy between the nuc- 
lear moment and the external field is omitted 
because it is much too small to be detected. 
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and must be determined and used for the 
calculations of intensities. The roots of the 
determinant of this system of equations give 
the values of E for any given m=m;+m,. 

There is one point on which the correlation 
is not exact; for the multiplets, / has the se- 
lection rule /~/+1 while corresponding to it 
in the hyperfine structure j has the selection 
rulej~j +1,j. The intensity relations derived 
by Darwin do not contain the transition 
ll corresponding to 7~j but the relations 
may be found simply by analogy. After 
having obtained the different values of E, 
the X’s may be calculated from the Eqs. (2) 
with the aid of certain normalizing relations 
which are of the form 


Nm =L(Ximjms)*(+ms) (i—mi) 

os \(j-+-mj;)\(j—mj;)!=1 
For a transition jj’, the intensities are for 
the perpendicular components m—~m—1 


T= [Xe Xn, mli-t+m)Ci—m)! 
. yt ee 
(j+m)(j—mi)! | +e Ni 
for the other perpendicular components 
m—>m-+1 


T= [ DXnhmiXajoamali-pmd)G— me)! 
i P fyi 
(j-+-m)1G—m) | +NiaNann 
for the parallel components m-*m 
1=4] DX abmcXnjmslitm) (im)! 
= 2 sa is 
(j+m)(j—m)!] +wilni 


In the case j~j, the factor 4 must be 
omitted. In these relations >_,, means the 
sum over all values of m; and m; such 
that m=m;+m;, is constant. 

For very weak fields the procedure is not 
so complicated. One can easily derive a g 
formula for each of the hyperfine structure 
levels, 

Lf+1) +4G+1)-i(i+1) 


ee 
sf) =sG cos if)=s ) 2F+A) 


The intensities will be given by the well- 
known ordinary intensity rules for the Zeeman 
effect, applied to each transition between the 
hyperfine levels of the initial and final state. 

If the field is not very weak, the Zeeman 
effect will show distortions and at the same 
time lines representing transitions which 





would have been forbidden according to the 
selection rule for f, occur. This is analogous 
to the observations of Paschen and Back 
[Physica 1, 261 (1921)] in zinc for ordinary 
multiplets. 

For very strong fields for which the Zeeman 
effect is larger than the hyperfine structure 
the treatment is also not so complicated and 
it has been given in detail for the case of 
bismuth. [Back and Goudsmit, Zeits. f. 
Physik. 47, 174, (1928)]. In such a strong 
field those transitions will be found for which 
m; does not change and for which m; changes 
by +1lor0. If however, the field is not yet 
“very strong,” slight asymmetries in the 
Paschen-Back effect will appear and at the 
same time “forbidden” transitions will occur 
for which m; changes but the total projection 
m=mj;+m,; changes by +1 or 0. A detailed 
calculation can be given only with the help 
of the complete set of relations (1) and (2). 
The occurrence of such forbidden components 
has been observedin the case of bismuth. 

The thallium line (3776 in a field of 
43,350 gauss is an example of a “not yet 
complete” Paschen-Back effect. The follow- 
ing table gives the calculated positions and 
ntensities of the Zeeman components. 
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We are very much indebted to Professor 
E. Back and Dr. J. Wulff for providing us 
with the results of their excellent work on 
this line. The calculated values of the posi- 
tions and intensities are in complete agree- 
ment with the observed values, the two weak- 
est of the “forbidden” components not being 
observed due to their small intensity and two 
of the strong parallel components not being 
resolved due to their proximity. 

S. GoupsmIT AND R. F. BACHER 

University of Michigan, 

November 25, 1929. 





